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Abstract 
Thermal management of fabrics is vital for a variety of applications because this property is 
directly associated with the wear comfort feature. Different approaches have been adopted to 
manage the heat transfer of fabrics. However, most of them focus on adjusting fabric 
thickness, porosity and weave structure. Surface finishing of fabrics with a thermally 
conductive/insulating material has received  little attention. In this PhD study, a wet 
chemistry coating technique was employed to functionalise cotton fabric, and the possibility 
of using a thin thermally conductive/insulating coating to control the heat transfer feature of 
fabrics was examined. Different thermal conductive/insulting nano fillers were used and co-
applied with a resin (Hercosett XC) to form a nanocomposite coating on a cotton fabric.  
Graphene, multi-wall carbon nanotube (MWCNT) and fine boron nitride (BN) particles were 
chosen as thermally conductive nano fillers. Each of them was  dispersed into resin-
containing coating solution for fabric treatment. After coating, the solids content of the filler 
in the coating layer was set to be 11.1, 20.0, 33.3 and 50.0 wt%, respectively. The existence 
of the nano fillers within the coating layer was found to increase the thermal conductivity of 
the coated cotton fabric. In regards to the same coating content, the increase in fabric thermal 
conductivity was in the order of graphene > BN > MWCNT, ranging from 132% to 842% 
(based on pure cotton fabric). 
Zirconium oxide, fumed silica and aluminium oxide were chosen as thermally insulating 
nano fillers. They were applied onto cotton fabric in a similar way to the thermal conductive 
nano fillers. After coating, the solid content of the filler in the coating layer was controlled at 
33.3, 50.0, 66.6 and 80.0 wt%, respectively. The existence of the nano fillers within the 
coating layer reduced the thermal conductivity of the coated cotton fabric. At the same 
  
 
XVI 
 
coating content, the reduction in fabric thermal conductivity was in the order of zirconium 
oxide > fumed silica > aluminium oxide. For example, for the coatings with 80.0 wt% 
content of filler, the thermal conductivity of the fabric was reduced to 44.48%, 42.52% and 
33.45% for zirconium oxide, fumed silica and aluminium oxide, respectively (based on pure 
cotton fabric).   
These nanocomposite coatings produced different effects on hydrophilicity of the cotton 
fabric. Graphene, MWCNT and zirconium oxide coatings had almost no influence on the 
fabric hydrophilicity. Aluminium oxide coating increased the hydrophilicity of the cotton 
fabric, while the BN and fumed silica coatings made the fabric surface hydrophobic. 
Air permeability of the cotton fabric was reduced by the nanocomposite coatings. For 
instance, the coating led to 72.8%, 69.5% and 64.2% reduction in air permeability when it 
contained 50.0 wt% graphene, BN and MWCNTs respectively. For the coating with 80.0 
wt% aluminium oxide, zirconium oxide and fumed silica, the reduction in air permeability 
was 87.4%, 76.8% and 65.3%, respectively.  
 The nanocomposite coatings increased the rigidity of the cotton fabric. The minimum 
increase of 95% in flexural rigidity was observed in fumed silica coating, while BN coating 
showed maximum increase of 329%. Rest of the coatings increased the rigidity of the fabric 
in the order of graphene > zirconium oxide >  aluminium oxide > MWCNT. 
All these nanocomposite coatings changed the hue of the cotton fabric dyed in blue, red and 
yellow. Carbon materials (graphene and MWCNT) changed the hue towards black and grey. 
White materials (zirconium oxide, BN, aluminium oxide, and fumed silica) diluted the colour 
and changed it to a lighter and whiter one. 
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Finite element method analysis of porous matrix has been used to understand the heating and 
cooling behaviours. The calculation results agreed well with this study. 
Thermal management of textile materials creates a comfort micro environment to the wearers 
and assists in maintaining the wearers’ competitive state and working performance. This 
study has shown that the thermal conductivity of cotton fabric can be effectively adjusted by 
using a thin polymeric composite coating containing thermally conductive/insulating nano 
fillers. This work will provide useful guide for research and development of cooling or 
thermal clothing. 
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CHAPTER ONE 
Introduction 
1.1 Significance of research 
Since the widespread use in prehistoric times, textiles have been essential materials for 
humans and their production has become a major industry in the world. With the 
development of new fibre materials and fabric manufacturing techniques, textile products for 
specific purposes, such as work wear, sportswear, undergarments, composites, implants for 
medical uses, gausses, nappies, carpets, insulating materials, industrial filters, space suits, 
heat sinks,  and ski suits have emerged. The technical textiles now cover almost 40% of the 
total textile production. Technical textile growth is 4% per annum compared to other textiles 
at 1% [1, 2].  
For many technical textiles including sportswear, work uniform, shoes, bedding, and 
healthcare products, heat transfer is vital in determining their wear comfort feature [3]. 
Controlling the heat transfer in these textile materials not only creates a comfort micro 
environment to the wearers but also assists in maintaining the wearers’ competitive state and 
working performance. As a result, thermal management of fabrics is an important area of 
research.  
1.2 Research problems and specific aims 
Heat transfer in textiles typically involves heat conduction, convection and radiation, with the 
heat conduction being more significant than the other two [4]. Fabrics with high heat transfer 
ability are mainly achieved using fibres that have high moisture absorption and thermal 
conductivity. While the heat transfer of fabrics can be adjusted through changing fabric 
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thickness, aerial density, porosity, or weave structure, These adjustments are still inadequate 
to achieve a thermal transfer level that enables fast cooling of fabric in high temperature 
environments [4-10].  
On the other hand, to reduce the heat transfer ability, highly porous structures can help 
because of their insulating effect of the trapped air in the internal voids. But this case is only 
applicable during static air conditions. If wind is blowing and the fabric is air permeable then 
this insulating effect will be reduced by frequent replacement of trapped air with fresh one [8, 
11].  
It is expected that the thermal conduction of fabrics can be effectively adjusted through 
surface finishing of the fabrics with a thermally conductive/insulating material. However, 
work on using a coating technique to adjust the heat transfer of fabrics has received 
little attention. 
For surface finishing, polymeric composite containing nano fillers have many advantages, 
including the simplicity, and the ability to form a thin and uniform coating.  
Carbon nanomaterials, such as carbon nanotubes (CNTs) and graphene, have been reported to 
have excellent thermal conductivity. Single-wall carbon nanotubes (SWCNTs) were 
predicted to have a thermal conductivity as large as 3500 W/mK at room temperature [12]. 
The thermal conductivity of multi-wall carbon nanotubes (MWCNTs) have been measured to 
be as high as 3000 W/mK [13]. Graphene, a single layer of graphite, was recently reported to 
have even higher thermal conductivity. At room temperature, the thermal conductivity of a 
single-layer graphene was reported to be 5300 W/mK [14]. Boron nitride (BN) is another 
thermally conductive material widely used as filler for making thermo-conductive adhesives, 
pastes, and greases [15-19]. Hexagonal BN is similar to graphite having a platelet structure, 
thus being soft and lubricious, and has a high in-plane thermal conductivity of up to 300-600 
W/mK [15, 20]. Whether these materials can be used as filler to form a nanocomposite 
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coating with a polymer resin on fabric has not yet been examined systematically. The first 
specific aim of this thesis is:  
Specific aim 1: To study the effect of thin nanocomposite coating containing high 
thermal conductivity carbon nanotubes, graphene, and boron nitride on thermal 
performance of cotton fabric. 
It is expected that the low thermal conductivity material can reduce the heat transfer in a 
fabric when applied as a thin coating. Some work has been done on using the ceramic 
material to reduce the heat transfer in synthetic fibre fabrics, but little attention has been 
given to natural fibres,  specially cotton in this context [21-23].  
Aluminium oxide and zirconium oxide are the well-known ceramics used as thermal barriers 
in turbines for propulsion and power generation [24]. The thermal conductivity of zirconium 
oxide is 1.7-2.17 W/ mK [21, 25]. Aluminium oxide has a thermal conductivity of 5.8 W/mK 
and has been widely used as filler in paint and pigments as well as insulating material in 
different composites [25, 26]. Fumed silica has also received a lot of intention in recent years 
as a ceramic for thermal insulation because of its low thermal conductivity and low density. 
Fumed silica compacts, when mixed with ceramic fibres, resulting in rigid thermal insulation 
boards having a variety of applications. The thermal conductivity of the fumed silica compact 
is almost the same as super critically dried silica aerogels. Its high porosity and nanoscale 
porous nature reduced both the solid and gaseous phase thermal conductivities respectively 
[27-29]. Again, the effect of thermal insulating filler in a fabric coating on the heat transfer 
performance of the coated fabric has not been investigated. Therefore, the second aim of this 
PhD project is:  
Specific aim 2: To study the effect of low thermal conductivity nano fillers zirconium 
oxide, aluminium oxide and fumed silica on the thermal performance of cotton fabrics. 
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Any coating on fabric could lead to changes in fabric performance. Fabric coatings often 
affect the air permeability, rendering discomfort to wearers in hot environments. So the effect 
of the nanocomposite coating on the air permeability of the fabric needs to be examined. 
For summer clothing, even if a fabric is thermally conductive and breathable, it may not 
promise a cooling effect in the hot weather, especially when it has a low water absorption rate. 
A hydrophobic fabric, which is low in water/sweat absorption and evaporation, could cause 
sweat accumulation on the surface of the body  . To enhance the perspiration, fabrics are 
required to have a hydrophilic surface [30]. This allows sweat to wick rapidly into the fabric 
matrix. Spreading of water on fibre surface also accelerates water evaporation, which reduces 
the fabric temperature [6]. Therefore, water absorption/evaporation properties are important 
for designing cooling fabrics and summer clothing, and the effect of the nanocomposite 
coating on the wetting behaviour of the fabrics needs to be examined. Understanding how the 
nanocomposite coatings affect these fabric properties forms the third specific aim of this 
study:  
Specific aim 3: To examine the effects of fabric coating on  the water wetting behaviour 
and air permeability of the coated fabric. 
Theoretical analysis through mathematic simulation provides an important way to understand 
physical/chemical properties of materials. It is also useful for verifying the experimental 
results.  Finite element method (FEM) has been an established method widely used for  the 
analysis of physical processes. This method can be used for understanding the heat transfer of 
a thin porous media, especially the effect of a thin coating on the heat transfer behaviour, 
however it has received little attention. Hence the fourth specific aim of this PhD thesis is:  
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Specific aim 4: To use FEM to analyse the heat transfer behaviour of a porous matrix 
and the effect of a thin thermally conductive/insulating coating on the heat transfer 
properties. 
1.3  Thesis outline 
The thesis consists of 7 chapters. Chapter 2 introduces the basic concept on heat transfer in 
fabrics and summarises existing research works on thermal management of fabrics and 
thermally conductive/insulating nano fillers used for polymeric nanocomposite coatings. 
Chapter 3 describes the materials, experimental procedures and characterisation techniques 
used in this study. 
In Chapter 4, the effect of thin nanocomposite coating containing nano fillers, multi-wall 
carbon nanotubes (MWCNTs), graphene or boron nitride (BN) particles, on the thermal 
performance of cotton fabric has been studied. 
Chapter 5 describes the effect of thin nanocomposite coating containing nano-sized 
zirconium oxide, fumed silica, and aluminium oxide on the thermal performance of cotton 
fabric. 
Chapter 6 provides the results on FEM analysis. The effect of a thin coating layer on the heat 
transfer of a porous matrix has been calculated. Two parameters of the coating layer, thermal 
conductivity and thickness, were examined. Comparison of experimental and calculated 
results has also been made. 
Chapter 7 summarises the main conclusions obtained from this PhD project. Suggestions for 
future work in this area are also given.  
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CHAPTER TWO  
Literature review 
In this chapter, the basic concept on heat transfer in fabrics and thermally conductive 
materials is introduced, and existing research works on thermal management of fabrics and 
thermally conductive/insulating nano fillers used for polymeric nanocomposite coatings are 
summarised. 
Part 1: Thermal management of fabrics 
2.1 Heat transfer in fabrics 
Heat is a form of thermal energy that flows from high temperature to low temperature. It is 
not an inherent property of the material itself. The flow of heat happens as a result of 
conduction, convection and radiation. The word “Heat” is often synonymous with heat 
transfer and heat flow. In fabrics heat transfer rate usually defines the thermal characteristics 
rather than the heat quantity. In all modes of heat transfer, the temperature difference must 
exist and the heat always flows automatically from high temperature to low temperature until 
equilibrium.  
2.1.1 Convection heat transfer 
Convection is a mode of heat transfer that takes place as a result of movement of mobile 
phase in the matrix. This is a dominant heat transfer form in liquid and gases. Natural 
convection and forced convection are two ways of transferring heat through this mode. In 
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natural convection, the fluid motion is caused by buoyancy forces. These forces are a result 
of density variations within the fluid that are caused by the temperature variations within the 
fluid. In natural convection, the fluid takes heat from its surrounding hot environment or solid 
boundary and its molecules get excited, separated and scattered. Due to scattering and 
separation of the molecules the density of the fluid is decreased. At the same time the cold 
fluid having density higher than the hot fluid starts sinking because of the high density and 
displaces the low density hot fluid. The movement of fluid in this way transfers the heat from 
hot fluid to cold fluid until equilibrium. In forced convection, the fluid is forced to flow on 
the surface through external means like fans or stirring.  
In systems where the coefficient of heat transfer is independent or relatively independent of 
the temperature difference between object and environment, the Newtons law of cooling 
gives the best description of convective heat transfer. Newton’s law states that the rate of heat 
loss of a body is proportional to the difference in temperatures between the body and its 
surroundings [31]. 
ௗொ
ௗ௧ ൌ െ݄ ൈ ܣοܶሺݐሻ ..     (2.1) 
Where dQ/dt is the amount of heat passing through area A per unit of time t with a 
temperature gradient of ΔT.  H is the coefficient for heat transfer. 
Since fabrics are composed of fibrous network and fluid (air and water) in the voids of 
fibrous structure, the convection takes place as a result of movement of air and water to and 
from the system. The moisture and air in the fibre and yarn spaces gets heat from the solid 
boundaries and outer environment. The relative temperatures of surface and fluid determine 
the direction of heat transfer and its rate. Convective heat transfer coefficient along with 
temperature difference between two boundaries determines the rate of convective heat 
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transfer. Thermal capacities of different fluids determine the coefficient of heat transfer. 
Water having higher thermal capacity than air is more convective to heat than air [32]. 
2.1.2 Conduction heat transfer 
Conduction is the phenomenon that occurs for heat transfer by microscopic diffusion and 
collision of particles due to temperature gradient. Conduction depends on the transfer of 
energy from one molecule to another within the heat transfer medium. Conduction can occur 
within solids and fluids (air and water). As per Fourier’s law of thermal conduction the rate 
of conductive heat transfer mainly depends upon the thermal conductivity of the material and 
the temperature gradient across the system boundaries.  The law states that the time rate of 
heat transfer through a material is proportional to the negative gradient in the temperature and 
to the area, at right angles to that gradient, through which the heat is flowing. 
ݍԦ ൌ െ ൈ ׏    (2.2) 
Where ݍԦ is the local heat flux, k is the  thermal conductivity of material and ׏ is the 
temperature gradient [33]. 
Thermal conductivity of the material is a measure of the rate of heat transfer across a unit 
width of a material, for a unit cross-sectional area and for a unit difference in temperature. In 
conduction mode, the heat spontaneously flows from the body at high temperature to the 
body at low temperature.  
In fabrics the thermal conduction is a more prominent mode of heat transfer compared to the 
other two modes [4, 34]. This is because of the large area of contact between fabric and the 
skin. As the temperature rises in a body, the heat starts flowing from the body towards the 
fabric and from fabric to the environment until equilibrium.  
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2.1.3 Radiation heat transfer 
Radiation is a form of electromagnetic energy transmission and takes place between all 
matters providing that it is at a temperature above absolute zero. The amount of energy that 
can be transferred depends on the absolute temperature of the body and the emissivity of the 
surface. The emissivity is a radiant property of a surface that defines the radiant energy 
emitted from a surface compared to a black body. The value of emissivity is influenced more 
by the nature and the texture of clothes, than its colour. It is an important mode of heat 
transfer encountered where a large temperature difference occurs between two surfaces. 
2.2 Factors that govern the heat transfer in fabrics 
2.2.1 Air fraction in the fabric 
The movement of air in the fabric increases the convective heat transfer rate. If fabric is 
permeable to air then the entrapped air in the voids of fabric will be replaced fresh air. In 
static conditions the entrapped air will act as an insulator because of the low thermal 
conductivity of air and the heat transfer through convection will be negligible. Air provides 
little resistance to passage of heat by radiation. The greater the ratio of air to the fibre in the 
fabric structure, the lesser will be the heat conduction. There are many fabric structures that 
can trap still pockets of air and so act as insulators under still air conditions. They may be 
pile/napped fabrics, milled or quilted fabrics and more flexible knitted and brushed fabrics. 
Synthetic fibres are crimped to increase the amount of air space within the fabric. The crimp 
prevents tight fibre packing in the fabric and so creates pockets of air to reduce the heat 
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transfer [11]. In non-static air conditions, fabrics with high air permeability showed good 
thermal conducting behaviour [8]. 
2.2.2 Environmental factors 
Heat transfer in fabrics depends on environmental factors, such as air temperature 
(temperature of surrounding), radiant temperature (heat flow from/to body to/from the 
environment due to temperature difference between them) and air/wind velocity that causes 
forced convection of heat through trapped air in clothing system [35, 36]. Air velocity has a 
direct relationship with fabric thermal diffusion properties. If the air motion is fast then the 
rate of heat dissipation from the body to the environment will be high, because of the forced 
convection and conduction.  
2.2.3 Moisture vapour transmission 
Water/moisture vapour transmission is caused by water/moisture vapour diffusion through a 
fabric [37]. The transfer of water/moisture vapour is usually from the wetter environment to 
the dryer environment until equilibrium is reached [38]. In a moist environment, the water 
vapour permeable fabric allows the vapour to pass through and keeps the surface dry, which 
produces an evaporative cooling effect [37]. Twill weave fabrics tend to have higher relative 
water vapour permeability values than plain weave fabrics, hence providing effective cooling 
during sweating or in a hot environment [39]. So the higher the rate of evaporation in the 
fabric the greater will be the heat transfer. Both phenomena occur simultaneously in dynamic 
conditions [32]. 
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Hygroscopic fabrics have the capability to absorb water vapour when they are surrounded 
with humid air, and water vapour is released into the dry environment [40]. A garment for 
daily use should have a degree of water/moisture vapour transmission. The hotter the 
environment or the greater the activity level, the higher the water/moisture vapour 
transmission is required [41, 42]. For example, when people do exercise in a hot 
environment, the perspiration functioning to regulate body-temperature will be most 
effectively achieved if insensible evaporation takes place immediately. If people wear 
clothing with a low water/moisture vapour transmission property under hot situations, the 
heat transfer from people’s skin outward will be suppressed or reduced, making people feel 
uncomfortable. However, for some products, fabrics with low water/moisture vapour 
transmission capability are required (e.g. chemical protective clothing, raincoats, diapers, 
tents, tarpaulins, and apparel) [43]. 
2.2.4 Fabric texture  
Fabric weave, thickness, and density play an important role in defining the thermal 
conductive behaviour of the fabric. A porous fabric usually allows more air to be entrapped 
and gives an insulating effect. This is only applicable during static air conditions. If wind is 
blowing and the fabric is air permeable then this insulating effect will be reduced by frequent 
replacement of trapped air with fresh one [11]. Weave structure of the fabric also contributes 
to its thermal behaviour. For example twill weaved fabrics usually have higher relative water 
vapour permeability values than plain fabrics, hence providing effective cooling during 
sweating or in a hot environment [39]. Similarly, plain knit fabric shows more air 
permeability and good water moisture permeability than rib and interlock knit fabrics, and 
consequently results in good thermal conducting behaviour [8]. Fabric thickness and density 
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are also important factors that influence the fabric thermal behaviour. Usually light or low 
density fabrics are more thermally resistant than high density ones [44]. On the other hand 
fabric having the same construction and fibre content but different thickness shows different 
thermal conducting behaviours. The literature reveals that thickness and weight of the fabric 
have an inverse relationship with thermal transmission [45]. 
2.2.5 Materials inherent thermal conductivity 
Material inherent thermal conductivity plays an important role in defining the rate of heat 
transfer in fabrics, apart from the structural aspects of that fabric [46]. Fibres with good 
thermal conductivity are usually preferred over fibres with low thermal conductivity in 
manufacturing of thermally managed fabrics. That’s the reason why cotton fibres usually 
have preference over pure polyester or blended fabrics in clothing. High thermal conductivity 
leads to good conduction of heat through the fabric.  
2.3 Ways to manage fabric heat transfer  
2.3.1 Heat conduction and thermal conductivity of fabrics 
Fabric is a fibrous material composed of fibres and entrapped air. The thermal conductivity of 
a fabric is a combination of the conductivity of the fibre and that of the air: 
aamm VV uu OOO                                                               (2.3) 
1  am VV                            (2.4) 
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Where λ is the thermal conductivity, V is the volume fraction and the subscripts m, and a 
respectively stand for the fibre matrix and the air. 
The thermal conduction of the fabric can be increased by increasing the thermal conductivity 
of the matrix or by reducing the air fraction in the fabric. Because the air acts as an insulator 
in static environmental conditions, its presence in the matrix retards the thermal conduction. 
If better thermal insulation of fabric is required in cold environments then the best way is to 
reduce the thermal conductivity of the matrix or to increase the air content in the matrix. 
Thermal conductivities of some commonly used fabrics made of different fibres are given in 
Table 2.1 and the work done for the improvement in the thermal characteristics with 
reference to thermal conduction is presented in this section. 
  
  
 
14 
 
 
Table 2.1: Thermal conductivities of some natural, regenerated and synthetic fabrics 
Class of 
Fibres 
fibre 
name 
fabric 
weight  
(g/m2) 
weave thermal conductivity 
of fabric 
 (W/mK) 
reference 
N
at
ur
al
 
Cotton 112-380 Plain knitted  0.026-0.065 [4, 8] 
Bamboo 80-278 Plain,rib and 
interlock knitted 
0.037-0.048 [8] 
Hemp 365 Plain Knitted 0.022 [4] 
Wool 120-527 2/2Plain and twill 0.014-0.051 [47, 48] 
Jute 688 Twill 0.059 [48] 
 
Sy
nt
he
tic
      
Polyester 154-168 Plain and twill  0.029-0.036 [39] 
      
R
eg
en
er
at
ed
 
Viscose 370 Plain knitted 0.031 [4] 
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2.3.1.1 Adjusting air fraction 
Low density fabrics are more heat resistant when compared with high density ones. For 
synthetic fabrics, thermal conductivity can be tailored by applying different cross sectional 
shapes to the fibres. For instance, fabric made of trilobal polyester fibres have less thermal 
conductivity than fabric made of round-shape fibres. This is because trilobal fibres can form a 
denser packing in the yarn structure than round-shape fibres, which will lead to an increase in 
inter-yarn pores. For the fabrics produced from hollow fibres, the thermal conductivity was 
expected to decrease because of increases not only in fabric thickness (per unit weight) but 
also in pore volume in the yarns. However, on the contrary, the thermal conductivity 
produced from hollow fibres was reported to be higher than the dense fibre counterpart. This 
was explained by the decrease in the distance between the yarns (inter-yarn pores) caused by 
the greater diameters of yarns produced from hollow fibres, which had a greater outer 
dimension than those with the same fibre count. These results showed that the thermal 
properties of the fabrics are mainly affected by inter-yarn pores in the fabric rather than inter-
fibre pores in the yarns [39].  
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Figure 2.1: SEM images of a) round b) hollow round c) trilobal and d) hollow trilobal 
polyester fibre[39]  
2.3.1.2 Coating with conductive polymers 
Conductive polymers have been extensively studied because of the remarkable electrical, 
mechanical and thermal properties. The use of conductive polymers is one of the several 
approaches to achieve textiles with the desired thermal conductivity. Polypyrrol is widely 
used for the development of both thermally and electrically conductive textile [49-57] and 
has been applied to fabrics made of natural (eg. wool), regenerated (eg. viscose) and synthetic 
(eg. polyester) fibres. For instance, the thermal performance of viscose and lyocell (cellulosic 
materials) was improved by a simple impregnation or dipping with polypyrrol [52]. The 
thermal properties of wool fabric were also improved by a polypyrol coating, and the thermal 
conductivity increased with increasing the concentration of polypyrrole [55]. The 
improvement in the thermal conductivity of polyester has also been reported [54]. On cotton 
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fabrics, a polypyrrol coating generated by in situ polymerisation remarkably increased the 
fabric thermal conductivity [58]. 
2.3.1.3 Coating with ceramic materials 
Low thermal conductivity materials have been reported for the retardation of heat in the 
fabrics. Ceramic materials have been reported to reduce the heat transfer through far IR effect 
[59, 60]. ZrO2, Al2O3, SiO2 and TiO2 were applied on to a hydrophilic polyurethane film 
which was further incorporated into polyester fabric to produce warm suits with good water 
vapour permeability [59]. In another study, nylon fabrics were coated with polyurethane 
containing Al, ceramic, ZrC, ZrO2 and TiO2  to improve  the warmth retaining property of the 
substrate [23]. Spacer fabrics made of polyester spacer sandwiched by knitted cotton fabric 
showed less thermal insulating effect compared to fabric made up of polyester spacer 
sandwiched by knitted cotton fabric layers that were treated with zirconium oxide [21]. 
Zirconium oxide, because of its low thermal conductivity reduced the thermal conduction 
across the boundaries of cotton fabric layers. An illustration of polyester spacer fabric is 
given in Figure 2.2. 
 
 
Figure 2.2: Diagram of three-layered thermal insulation[21] 
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2.3.2 Cooling through moisture evaporation 
Hydroweave is a performance-enhancing fabric that cools through evaporation. Hydro 
weave’s principle starts with a super water absorbing polymer fibre that is blended into 
fibrous matting. This matting is positioned between a breathable exterior shell and a 
conductive waterproof lining. Designed with three layers when soaked with or immersed in 
water, the central layer absorbs and retains moisture. As moisture in the batting of 
Hydroweave fabric evaporates, heat is removed, cooling the surrounding area, while the 
conductive lining draws heat away from the wearer. The schematic of the cooling 
phenomenon in the Hydroweave is shown in Figure 2.3. 
  
Figure 2.3: Schematic of Hydroweave[61] 
 Research work has shown that when wearing a Hydroweave vest, the core body temperature 
can be kept under control and about 15% increase in work time can be obtained over non-vest 
condition [61]. 
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2.3.3 Cooling through phase changes 
Phase change materials (PCM) can absorb or release heat during the phase change process. 
This phenomenon has been utilised for heat regulation in textiles. Water is a typical example 
of a phase change material and in addition to water, more than 500 natural and synthetic 
PCMs are reported [62]. PCMs which change between solid and liquid and have a phase 
change temperature in the range from 15 to 35 οC are the most frequently used latent heat 
storage material. They are suitable for heat-storage and thermo-regulation [62]. Textiles 
containing phase change materials react immediately with changes in environmental 
temperatures, and the temperatures in different areas of the body. When a rise in temperature 
occurs, the PCM microcapsules react by absorbing heat and storing this energy in the 
liquefied phase resulting in cooling effect. When the temperature falls again, the 
microcapsules release the stored heat energy and the materials solidify again resulting in a 
heating effect.  
While plenty of PCMs are available, only a few are of commercial importance because of 
their special character required for automatic thermal regulation. These PCMs can be divided 
into organic and inorganic PCMs [3]. Organic PCMs are usually linear long chain 
hydrocarbons (by product of oil refinery having general formula of CnH2n+2.0). Inorganic 
PCMs include some hydrated inorganic salt like Na2SO4·H2O and Mn(NO3)2·6H2O [63].  
PCM microcapsules could be incorporated into fabrics by different ways, including filling or 
impregnation of the fibres with PCM, coating of fibre with encapsulated PCM in a foam or 
crosslinking agent, spinning of the polymeric fibres after PCM addition, and lamination of 
non-woven with PCM-polymer film.  
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Although the fabric’s thermal characteristics are improved by coating PCM, one problem that 
is associated with PCM is the low thermal conductivities of most of the PCMs. These values 
of thermal conductivity are too low to provide a required heat exchange rate between the 
PCM and substrate. Therefore, the use of thermal conductivity enhancer as a filler would be 
effective for heat exchange in the PCM [3]. 
2.4 Measurement of fabric thermal conductivity 
As mentioned previously the thermal comfort is a complex phenomenon in textiles and its 
measurement is hard too. Thermal conductivity is usually measured by generating a thermal 
gradient in the sample and measuring the temperature distribution with thermocouples or by 
other means.  
Different indigenous and commercial equipment have been used for the measurement of 
fabric thermal conductivity. Commercially available instruments include Alambeta and 
Thermo labo [8, 39, 64-67].  
Indigenous equipment design by many researchers for the thermal characteristic 
measurements is based on the principle of heated plate (plate/fabric) or heated plate with a 
cool plate added (plate/fabric/plate). Stankovic et al [4] used digital thermometers for the 
collection of temperature data of a fabric wrapped around a glass container filled with hot 
water (Figure 2.4) and the thermal conductivity was then calculated by Newtons law of 
cooling. Wang et al [55] used a hot plate as a heating medium and wrapped the fabric in a 
thermocouple to determine the cooling rate of fabric. Debnath et al [68] calculated the 
thermal insulation values by wrapping the fabric around a hot brass cylinder and measured 
the cooling rate with thermometers. 
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Figure 2.4: Schematic of Stankovic system used for thermal conductivity measurement of 
fabric[4] 
Lee’s disc method (Figure 2.5) is another way for measuring the fabric thermal conductivity. 
In this method, the fabric is held in between two brass discs. The upper disc is heated through 
a steam chamber and the heat is flown through the fabric to the lower disc to raise its 
temperature. The temperatures of both discs were recorded with the thermometers T2 and T1 
and the thermal conductivity of the specimen was then calculated through a formulae [5]. 
 
Figure 2.5: Lees disc apparatus[5] 
Thermometers or thermocouples are surface contact techniques, while infrared (IR) 
thermography is a noncontact and nonintrusive technique, which is based on the mechanism 
that all objects above absolute zero emit IR radiant heat in an amount that is directly related 
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to the object temperature, therefore allowing the temperature measurement. When studying 
the heating/cooling rate of fabrics where only the surface temperature needs to be monitored, 
compared with thermocouple measurement method, the IR thermography offers many 
advantages such as easy operation, large-area temperature measurement, and the visual 
observation of the lateral temperature distribution.  
Part 2: Thermally conductive/insulating nano fillers 
Thermally conductive materials are materials with extraordinary heat conduction capability. 
These materials include metals, metal alloys, carbon and related materials (e.g. carbon 
nanotubes and graphene). In contrast to thermally conductive materials there are some 
materials that possess low thermal conductivity values and find their applications in most of 
the thermal barrier systems. The thermal conductivities of some of the most commonly used 
materials with high/low thermal conductivities are listed in Table 2.2. The use of materials in 
nano form is mostly advantageous because of the larger surface area of the nanoparticles 
compared to the bulk material. The uniformity is another major factor that enables nano 
materials to be used in different applications. Bulk materials with large particle size usually 
have an irregular shape that increases the uncontrolled agglomeration and variation in the 
physical characteristics of material. Also the percentage of atoms present in the surface of the 
nano materials is significantly higher than that in the bulk material [69]. 
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Table 2.2: Thermal conductivities of some thermally conductive/insulating nano fillers and 
bulk  materials 
Material  
Thermal 
conductivity  
(W/mK) 
Coefficient of 
thermal expansion 
(10-6/K) 
Reference 
Single-walled carbon 
nanotubes(SWCNTs) 
6000 - [13, 14, 70] 
Multi-walled carbon 
nanotubes (MWCNTs) 
3000 - [13, 14]  
Graphene 5300 - [14] 
Diamond 2000 0.9 [71, 72] 
Boron nitride 600 4.3 [15, 20] 
Copper 400 17 [71, 72] 
Aluminium nitride 320 4.5 [71] 
Gold 315 14 [71, 72] 
Silicon carbide 490 3.7 [71-73] 
Beryllium oxide 260 6 [71, 72] 
Aluminium 247 23 [71, 72] 
Tungsten 155 4.5 [71, 72] 
Molybdenum 142 4.9 [71, 72] 
Lead  30 39 [71] 
Kovar 17 5.1 [71] 
Invar 10 1.6 [71] 
Zircon(ZrSiO4) 4.99 3.46 [25] 
TiO2 3.3 9.4 [25] 
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Mullite 3.3 5.3 [25] 
Garnet 3 9.1 [25] 
Al2O3 2.89 9.6 [74] [25]  
CeO2 2.77 13 [25] 
YSZ 2.12 11.5 [25] 
LaPO4 1.8 10.5 [25] 
ZrO2 1.7 15.3 [21, 25] 
La2Zr2O7 1.56 9.1 [25] 
Fumed silica - -  
 
2.5 Thermally conductive nano fillers 
Thermally conductive materials with exceptionally high thermal conductivity have been 
reported in the literature for different applications. Metal alloys were initially used for the 
heat sinks but now the interest has been shifted towards the organic materials like carbon and 
its derivatives because of their high thermal conductivity, stability and light weight. Three 
materials with a high thermal conductivity, namely carbon nanotubes, graphene and boron 
nitride, have been used in this study. 
2.5.1  Carbon nanotubes (CNTs) 
Carbon nanotubes (CNTs) have drawn intense interest in thermal management applications 
because of their unique thermal properties [75-77].  
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Single-walled nanotubes (SWCNTs) compared to multi-walled nanotubes consist of only a 
single seamless cylinder of graphene sheet [70]. SWCNT can be prepared by carbon-arc 
discharge, laser ablation of carbon, or chemical vapour deposition (typically on catalytic 
particles) [78] . SWCNTs have better thermal dissipation than diamond and the basal plane of 
graphite [79]. It has been predicted that SWCNTs have exceptionally large thermal 
conductivity of 6,600 W/mK at room temperature [13, 14, 70]. The thermal conductivity for 
multi-walled carbon nanotubes (MWCNTs) has been measured to be as high as 3,000 W/mk 
[13, 14].  
Because of the high thermal conductivity, CNTs reinforced composites have been used in 
printed electronic circuits, heats sinks, connectors and other high-performance thermal 
management systems [80]. Recently, vertically aligned carbon nanotube (CNT) arrays have 
been grown on metal surface for cooling electronic devices [81-84]. Incorporation of CNTs 
into organic matrixes has also been reported as a less expensive way to enhance the thermal 
conductivity [85-90].  The methods used for the preparation of CNT based composites are 
usually based on the two basic techniques, one of which is used as a filler in the polymer 
matrix and the second is based on coating or dyeing technique [90-92]. Epoxy/SWCNT 
composites were studied widely for thermal management. Compared to large diameter carbon 
fibres, SWCNTs are more effective even at very low level of loading. Literature revealed that 
even 1 wt.% loading of SWCNTs in the epoxy matrix can enhance the thermal conductivity 
to 125% [90]. This increase can even be up to 300% if SWCNT concentration in epoxy 
increased to 3 wt.% and if these tubes are aligned magnetically a 10% further improvement 
can be obtained [93]. If processed by an infiltration process the composite containing 2.3 
wt.% SWCNT in the epoxy matrix can have a 220% enhanced thermal conductivity [94]. 
Although MWCNTs have a lower thermal conductivity than SWCNTs, they offer less 
  
 
26 
 
interfacial resistance because of low interfacial area, hence they have more potential to 
enhance the thermal conductivity of composites [80].  
In the textile area, CNTs composites have been applied on fabrics for water repellency, UV-
blocking and flame retardant purposes [95-98]. However, the effect of CNTs on the heat 
transfer properties of fabrics has been rarely reported in the research literature. 
There are certain limitations in the use of CNTs as a coating material or as filler. These 
limitations include their purity and dispersion in the solution. Because of the strong van der 
Waals interactions the agglomeration of the nanotubes in the solution took place. If 
uniformity within the composite or the fabric characteristics is needed then a well dispersed 
solution is necessary. There are several methods used by the researchers for the purification 
of the CNTs and the dispersion making. 
2.5.1.1 Purification of CNTs 
Purification of the CNTs is required to remove all the impurities like amorphous carbon, 
traces of catalysts and catalyst supports from the material in order to get the optimum 
enhanced properties of the resulting material.  
Acid purification or oxidation method to purify the CNTs usually includes the treatment of 
CNTs with strong HNO3 under a reflux followed by reduction and neutralisation with 
NH4OH, water, and HCl [99-101]. This acid oxidation mostly reduces the length of the 
CNTs, which affects some of the inherent characteristics of the CNTs. 
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2.5.1.2 Dispersions of CNTs 
The dispersion of CNTs in a composite plays a key role in determining the composite 
performance. Efforts have been made to halt the process of bundle and rope formation in 
CNTs by reducing van der Waals interactions or by functionalisation of the nanotubes. 
Covalent and non-covalent dispersion techniques have been reported in literature. In covalent 
techniques a typical acidification process of CNTs followed by grafting with small functional 
groups is often employed to facilitate stable dispersion. However, this kind of 
functionalisation, reduces the conductive properties of CNTs and the extended π electron 
systems (sp2 orbital) of the nanotube is disturbed too, which is responsible for many 
attributes of nanotubes [100]. In another covalent functionalisation technique, the suspension 
of MWCNT in thionyl chloride, followed by introducing lysine gives functional nanotubes 
that show excellent dispersion ability. The nanotubes can be easily dispersed in water without 
sonication. However, this dispersion can only be applicable in basic mediums since it is 
sensitive to acidic medium [102]. In non-covalent techniques good dispersion can be 
achieved with minimal effect on the inherent properties of nanotubes. DNA assisted 
dispersion is one example in which defect enhanced MWCNTs are well dispersed in the 
DNA-containing solution [101]. Dispersibility of nanotubes has also been improved by 
reducing the surface tension of the medium of dispersion. For example, surfactants such as 3-
(N, N-dimethylmyristylammonio)-propanesulfonate, sodium dodecyl sulphate, 
polyoxyethylene stearyl ether or hexadecyl trimethyl ammonium bromide were used to aid 
the dispersion [103]. In this technique well dispersed nanotubes with no effect on tubes 
structure and inherent characteristics were reported [103, 104]. Some commercial liquid 
crystals were also reported for improving the CNT dispersion[105] . In this method, the 
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orientation of nanotubes can be achieved because of the self-aligning characteristic of the 
liquid crystals [105].   
2.5.2 Graphene  
Graphene is a single atom-thick honeycomb lattice of sp2 hybridized carbon, and has become 
the subject of intense research interest owing to its amazing thermal, electronic and 
mechanical properties such as gigantic thermal conductivity, tremendous mobility of charge 
carriers, great flexibility, extremely large surface to volume ratio and many more [14, 106-
108]. These properties paved the way for using graphene to produce thermally conductive, 
flexible, soft, electrically conductive and strong composite materials. Use of graphene as a 
thermal conductivity and strength enhancer, antimicrobial agent, electrical conductor and 
thermal stability enhancer has been reported in the literature. Graphene possesses superior 
thermal conductivity of 5400 W/mK at room temperature for a single sheet [14] and thus is 
one of the most suitable materials for thermal management of different systems.  Polymethyl 
methacrylate (PMMA) composite with 3 wt% graphene oxide has been reported to have 1.8 
times higher thermal conductivity compared to neat PMMA [109]. In another study a gradual 
increase in thermal conductivity in the polyester grafted graphene composite was observed. 
1.45 volume% of graphene in the composite improved the thermal conductivity to 185% 
[110]. In  epoxy composite the thermal conductivity was increased by 55% at 2 wt% silane-
treated exfoliated graphene [111]. 
 In the textile area, graphene has been applied on acrylic fabrics to improve the electrical 
conductivity by using a simple dip coating technique [112]. Although graphene has an 
excellent thermal conductivity, its effect on the thermal conductivity of fabrics by forming a 
thin composite coating has not been explored yet. 
  
 
29 
 
Graphene sheets usually have a high specific surface area and well separated sheets tend to 
form irreversible agglomerates or even restack to form graphite through van der Waals 
interactions. The prevention of aggregation is of particular importance because most unique 
properties of graphene are only associated with individual sheets.  
The oxidation of graphite with acids is a way forward for the development of solvent soluble 
or water soluble graphene oxide. This oxide upon reduction or heating gives well exfoliated 
graphene sheets. Many methods can be used for the oxidation of the graphite, and the most 
famous one is the Hummers method that is adopted by many researchers. Details of these 
methods can be found through the references [91-94][113-116]. 
The oxidative techniques for preparation of graphene are advantageous in terms of well 
exfoliation and ease of dispersion. However, there are some limitations associated with these 
methods. For example these methods are time consuming and involve dangerous chemicals 
like strong acids. The oxidisation process results in the formation of structural defects that 
alter the electronic structure of graphene so much as to render it semiconducting. These 
defects are virtually impossible to remove completely, even after annealing at 1000 οC [117]. 
Oxidative or covalent exfoliations lead to a defect enhanced surface with reduced electronic 
properties. Non-covalent methods on the other hand show  minimal effect on surface change. 
Surfactant assisted exfoliation is an example of a non-covalent technique. Sodium dodecyl 
benzene sulphonate has been proved to be a good surfactant for the said purpose. Graphene 
exfoliated through this technique, showed good separation of sheets along with minimal or no 
structural defects. Also there is no evidence of oxide presence in the structure [117]. 
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2.5.3 Boron nitride (BN) 
Boron nitride (BN) is another promising thermally conductive material, which has been used 
as filler for making thermal conductive adhesives, pastes, and greases [15-19]. BN exists in 
two crystalline forms, cubical and hexagonal. Cubic boron nitride (c-BN) is like diamond in 
structure, being hard and abrasive, while hexagonal boron nitride (h- BN) has a graphite-like 
structure, thus being soft and lubricious. h-BN has a high in-plane thermal conductivity of up 
to 300-600 W/mK [15, 20]. BN is an electrically insulating material and has advantage over 
CNTs and graphene in applications where thermal conductivity is required without electrical 
conductivity.  
Polyphenylene sulphide is a thermoplastic polymer and the composites of this material with 
BN as filler showed an improved thermal conductivity [118]. Polybenzoxazine polymer 
composites were made with the BN filler content up to 78.5% by volume and the resulted in a 
thermal conductivity of 32.5 W/mK at this concentration. This study also revealed that the 
large particle size of the BN compared to smaller particle size gives better thermal 
performance [119]. Epoxy-h BN composites were reported to have a maximum thermal 
conductivity of 5.3 W/mK, paving the way for thermally conductive composites with an 
electrically insulating behaviour [120]. Thermal conductivity value of 7 W/mK was achieved 
for pollyimide-BN composites films [121]. Thermoplastic elastomer like styrene ethylene 
butylene styrene with block copolymer of poly(ethylene-co-vinyl acetate) when filled with h-
BN gives a thermoplastic composite with high thermal conductivity [122]. 
Pre surface treatment of BN demonstrated significant improvement in thermal conductivity of 
the matrix at high filler concentrations while at low filler concentrations this effect is not 
significant. The surface treatment involves acetone, HNO3, H2SO4 and silane treatment. 
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Maximum value of 10.31 W/mK was reported for the silane (2.4%) treated BN filler in epoxy 
composite with the 57% BN by volume concentration [123].  
2.6 Thermally insulating nano fillers 
2.6.1 Aluminium oxide 
Aluminium oxide is the most commonly occurring material in nature and its unique 
properties like chemical inertness high thermal stability, hardness, strength, low thermal 
conductivities and electric insulation characteristics make its use widespread in different 
applications. It is widely used for the manufacturing of pigments, paints, cosmetics, cutting 
tools, electric insulations, toothpastes, sunscreen lotion, and catalyst. As a heat barrier 
ceramic material it has been widely used in the aerospace industry [124, 125]. In most of the 
cases, mixture of two or three thermally insulating materials gives the desired characteristics 
of insulating coatings and aluminium oxide has been proved a good candidate for this 
purpose. For example, the addition of aluminium oxide to fumed silica based thermal 
insulation composites increased the mechanical strength of the composites and resulted in a 
positive effect on thermal insulation characteristics of the composite [126]. The requirements 
that make a material suitable for thermal protective clothing are difficult to meet. The low 
thermal conductive material that is easily available and has a good dispersibility can be used 
for developing thermal insulating coatings of clothing. The thermal conductivity of 
aluminium oxide is reported as 5.8 W/mK and this is a promising value for coating material 
[25, 26].  
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2.6.2 Zirconium oxide 
Zirconium oxide is a well-known ceramic used as the thermal barrier material in turbines for 
propulsion and power generation [24]. Thermal conductivity of zirconium oxide has been 
reported to be 1.7-2.17 W/mK [21, 25], making it attractive for insulation purposes. Its high 
thermal stability and chemical stability make it a good material for uses in hygiene clothing, 
drug delivery systems in hospital, clothing for biomedical applications, deodorants 
antiperspirants, and wound healing [127]. Nylon fabric treated with zirconium oxide has 
shown significant reduction in thermal conduction [22, 23]. Spacer fabric engineered by 
zirconium oxide treated cotton fabric showed a remarkable increase in the thermal resistance 
compared to untreated fabric because of the low thermal conductivity of the zirconium oxide 
[21]. Zirconium oxide treated polyurethane when incorporated in polyester fabric has shown 
improvement in the thermal insulation behaviour of the fabric along with water vapour 
permeability. This kind of fabric is mostly used in warm up suits [59].  
2.6.3 Fumed silica 
Fumed silica has also received a lot of attention in recent years as a ceramic for thermal 
insulation. Fumed silica is a product of flame pyrolysis of silicon tetrachloride or quartz sand 
as a result of vaporisation at high temperature of 3000 °C. The thermal conductivity of the 
fumed silica compact is almost the same as super critically dried silica aerogels. Its high 
porosity and nanoscale porous nature reduced both the solid and gaseous phase thermal 
conductivities [27-29]. 
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Fumed silica based building materials for thermal insulations have emerged with excellent 
porosity, light weight, thermal stability and low thermal conductivity [128]. Fumed silica 
compacts mixed with ceramic fibres resulted in rigid thermal insulation boards having 
applications in building structures [28] . The most common matrix used for the fumed silica 
thermal insulation is glass fibre and the compacts made by coating fumed silica on glass fibre 
enhanced the thermal insulation with an increase in strength of the matrix and 80% porosity 
of the matrix [28].  
2.7 Summary 
Heat transfer in a porous medium is a complex process that involves all three modes for heat 
transfer. The heat transfer in fabrics can be managed by adjusting the thermal conductivity of 
the matrix. Thermal conductivity of the matrix can be increased or decreased by 
incorporating nanofiller with high/low thermal conductivity. Carbon nanotubes have been 
reported to increase the thermal conductivity of epoxy matrix by hundreds of times. Similar 
results can be achieved by using graphene and other high thermally conductive nanofillers. 
On the contrary, for decreasing the thermal conductivity of the matrix, low thermal 
conductivity materials like zirconium oxide, fumed silica and aluminium oxide can be 
advantageous. Zirconium oxide has been used for improving the warmth retaining property of 
polyester and nylon fabrics. Fumed silica and aluminium oxide could be two other promising 
low thermal conductive materials for this purpose. By changing the porosity of the fabric, the 
air volume can be controlled and hence the thermal conduction. Other approaches for fabric 
thermal control include the incorporation of phase change material in the fabric, Hydroweave 
multilayer fabric or spacer multilayer fabrics.  
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CHAPTER THREE 
Experimental details 
This chapter deals with the materials, experimental procedures and characterisation 
techniques used in this study. 
3.1 Materials 
A plain-weave cotton fabric having 60 ends and 60 picks/inch with 29.50 tex warp and weft 
count and 155 gram per square metre (gsm) weight was used in this study. Multi-wall carbon 
nanotubes (MWCNTs) with diameter 50 ± 10 nm and length 10-20 μm and graphene were 
used as received. Aluminium oxide particles (~50 nm diameter), zirconium (IV) oxide 
particles (~100 nm diameter) and boron nitride (BN) platelets (1 μm diameter) were obtained 
from Sigma-Aldrich. Fumed silica (Aerosol® R-805) was purchased from Evonik industries. 
Hercosett XC (12.5% aqueous solution) epichlorohydrin based resin was provided by 
Hercules Chemicals, Australia. 3-(N, N-dimethylmyristylammonio)-propanesulfonate, H2O2, 
NaOH, ethanol, ammonium solution (28% analytical grade) and oleic acid (90%) were 
purchased from Sigma-Aldrich. Peroxide stabilizer and catapole wetting agent were provided 
by Avocet dye and Chemical Co. Ltd.  
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3.2 Preparation of coating dispersions 
3.2.1 Dispersion of high thermal conductivity materials 
MWCNTs were purified by HNO3 treatment [129]. Briefly, MWCNTs (2 g) were dispersed 
in 3.0 M HNO3 (200 ml) and refluxed for 12 h. The resulting dispersion was diluted and then 
filtered. The filtered solid was ultrasonicated in concentrated HNO3 and H2SO4 (120 ml, 
volume ratio of 1:3) for 2 h, followed by extensive washing and filtrating in deionized water 
until the filtrate was neutral. Coating solutions were prepared by dispersing the purified 
MWCNTs in a solution containing 4 wt.% Hercosett XC resin and 1.2 wt.% 3-(N, N-
dimethylmyristylammonio)-propanesulfonate, followed by ultrasonication of the solution for 
2 h using a Ultrasonic FXP 8M machine. The content of MWCNTs in the coating solution 
was set to be 0.5, 1.0, 2.0 and 4.0 wt.%. After coating the corresponding solid content of 
MWCNTs in the coating layer was 11.1%, 20.0%, 33.3% and 50.0%, respectively. Solutions 
with more than 4.0 wt.% MWCNTs were unsuitable for coating treatment because they were 
too thick to form a uniform coating on fibres. 
Graphene suspension was prepared in the same way as used for MWCNTs. BN solid content 
in the coated layer was also set as 11.1, 20.0, 33.3 and 50.0 wt.%, respectively, for 
comparison with the other two materials. The powder was dispersed in resin and water in the 
presence of ammonium oleate. The ammonium oleate was prepared by mixing 1 ml of oleic 
acid (90%) with 1 ml of concentrated ammonia solution (analytical grade, 28%) in distilled 
water (50 ml). The final solution was made by diluting the thick solution (1 g) in 150 ml of 
distilled water. 1.2 wt.% ammonium oleate, 4 wt.% resin and certain content of BN were 
mixed together and ultrasonicated for 2 h to achieve a well dispersed suspension. 
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3.2.2 Dispersion of low thermal conductivity materials 
Aluminium oxide and zirconium oxide suspensions were prepared by dissolving 2, 4, 8 and 
16 wt.% material in water, corresponding to solid content of 33.3, 50.0, 66.6, and 80.0 wt.% 
in the coating layer on fabric, followed by ultrasonication in Ultrasonic FXP 8M machine for 
2 h. Then 4 wt.% Hercosett XC resin was added and again ultrasonication for further 2 h was 
done. Thorough mechanical stirring was used after ultrasonication to get homogeneous 
mixture. For fumed silica, ethanol was used instead of water, and all others were the same as 
aluminium oxide and zirconium oxide.   
3.3 Cleaning of cotton fabrics 
For better performance of the coatings, the cotton fabric was cleaned to remove the additives 
and inherent impurities. H2O2 (200 ml), NaOH (65 g), Catapole wetting agent (40 g) and 
stabilizer (12 g) were dissolved in 30 L of water. 6 m × 90 cm fabric was dipped in the 
solution in a closed KIER machine [130]. The solution was circulated in a machine with a 
circulation pump for 2 h at 100 ºC. The fabric was then rinsed thoroughly with water at 50 ºC 
for 20 min for three times to remove the chemicals and any impurities. The pH of the rinsing 
solution was checked to ensure all the residual chemicals had been removed and the fabric 
was finally dried. 
3.4 Coating procedure 
The coating solution was applied to fabrics by a simple dip coating and dry process [130]. A 
fabric was first dipped in the coating solution, and then padded through an Atlas wringer to 
remove the excessive solution. A 100% wet pickup was set by adjusting the pressure on the 
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side of the padders. The fabric was dried and cured at 100 ºC for 10 min in a fan forced oven. 
Finally, the fabric was washed separately with hot and cold water to remove the unfixed 
chemicals.  
3.5 Characterisations 
 All the fabrics both treated and untreated were placed in a conditioned environment having 
20 ± 2 ºC temperature and 65 ± 2% RH for  24 hours before testing. All measurements were 
taken at this controlled environment.  
3.5.1 Thermal characteristics measurements 
For the measurement of thermal conductivity,  Fluke 289 RMS digital thermometer was used. 
The recorded data were processed with software (Fluke view forms 3.3). The heat source was 
provided by a specially designed circular cylinder of 100 mm diameter and 160 mm length 
heated by Julabo 5EH water circulation bath. As schematically illustrated in Figure 3.1, a 
cylinder heat source was insulated on three sides to allow only one face to contact with fabric 
samples for heat transfer. A thermocouple probe was fixed on the outer wall of the cylinder 
that was in contact with the fabric. The fabric was held tightly with the cylinder by tucking in 
the corners of fabric around the exposed face and putting insulation material (glass wool) in 
between the face and the insulating wall to make it seal completely. During the test, the heat 
source was heated to 50 ºC by feeding water of constant temperature into the cylinder and 
then left to cool down naturally. The cooling rate of the heat source (here it is the cylinder 
and water) with and without a fabric cover was measured, and the thermal conductivity of the 
fabric was then estimated based on the Newton’s law of cooling [4]:  
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R
dt
dQTQ
C
  1                                                         (3.1) 
where C (J/K) is the thermal capacity of the system, Q (J) is the amount of heat, T (K) is the 
temperature of the system, dQ/dt is the amount of heat passing through the system per unit 
time, and R (K/W) is the thermal resistance of the system. The equation (3.1) can be 
rearranged and integrated into the form: 
tRC
ambamb eTTTT
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                                              (3.2) 
Here T (K) is the temperature of the system at time of t, T0 (K) is the initial temperature of the 
system, Tamb (K) is the ambient temperature, and t (s) is the cooling time.  
By plotting the curve of ln[(T−Tamb)/(T0−Tamb)] against cooling time, the cooling constant K = 
1/RC can be determined by linear fitting of the curve. The thermal resistance of the fabric (Rf) 
can then be determined as the difference between the thermal resistance of both the fabric and 
the air medium (R), and the thermal resistance of the air medium only (R0): 
)11(1
0
0 KKC
RRRf                                                 (3.3) 
Here, K0 is the cooling constant of the system without fabric. Knowing the thermal resistance 
as well as the fabric sample surface area S (m2) and fabric thickness d (m), the fabric thermal 
conductivity λ (W/m K) can be calculated as: 
S
d
R
u 1O                                                              (3.4) 
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Figure 3.1: Schematic of experimental setup 
An IR camera (IEC thermo tracker IR camera) was used to record the temperature change of 
the whole fabric surface. The recorded thermal images were processed with Image pro II 
4.0.6 micron infrared software. The emissivity of all the samples was calibrated by adjusting 
the emissivity of the camera to make the temperature measured the same as what was 
measured using a standard thermocouple. For recording the heating process, IR thermography 
video was taken instantly after the fabric was brought in contact with the preheated cylinder 
at a preset temperature of 50 ºC. For a cooling process, the fabric was first heated for 10 min 
with the heat source (50 ºC), and the IR thermography video was recorded immediately when 
the source was removed off the fabric. The interval between each frame was set to be 1/3 
second which was the minimum interval that can be set on this camera.  
Marsh cooling method was used for the measurement of percentage thermal insulation value 
[TIV%]. A brass cylinder was filled with hot water at 48 °C and the time taken by the system 
(brass cylinder) to cool down to 38 °C was recorded with a stop watch and the same 
measurement was taken by wrapping the fabric sample around the cylinder. TIV% was 
calculated by the formula [68]: 
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Ψ ൌ ቂͳ െ ௧௧౜ቃ ͳͲͲ     (3.5) 
where t is the time taken by uncovered or bared system while tf is the time taken by system 
covered with fabric to cool down from 48 °C to 38 °C. 
3.5.2 Surface morphologies 
The surface morphologies of fabrics were examined using a Zeiss supra 55 VP scanning 
electron microscope (SEM) (Figure 3.2a). All fabric samples were placed on the SEM stubs 
with the help of carbon tape. Gold sputtering was done with Baltec SCD 050 sputter coater 
for 120 sec (Figure 3.2b). The images were taken at voltage of 5-10 KeV and magnification 
of 5000 to 20,000 times. The diameter of the MWCNTs was calculated from the SEM image 
of material using ImageJ 1.47a software. 
 
Figure 3.2: a) scanning electron microscope. b) Sputter coater 
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3.5.3 Air permeability 
Air permeability was measured with an air permeability tester (III FX 3300, Textest 
AG.Zurich, Switzerland) (Figure 3.3). EN-ISO 9237 standard international test procedure 
was adopted. Air pressure was set at 200 Pa and kept constantly for all the tests. Test area 
was 20 cm2 and five test readings were taken for each sample to obtain an average. 
 
Figure 3.3: Fabric air permeability tester 
3.5.4 Water contact angle 
Water contact angles of the fabrics were measured using a CAM 101 contact angle 
measurement system (KSV Instruments Ltd, Finland) (Figure 3.4). The instrument consists 
of a video camera, a LED light source and electronics interface for the unit. Water droplet 
was placed on the fabric samples and the images were recorded with the interval of 33 msec 
till the diminishing of water droplet. 
  
 
42 
 
 
Figure 3.4: Water contact angle measurement system 
3.5.5 Flexural rigidity 
Fabrics flexural rigidity was calculated from the formula ܨ ൌ ͲǤͳሺܥଷሻሺܹሻ , where F is 
flexural rigidity, C is bending length in cm and W is weight in g/m2. This test was performed 
as per British standard BS 3356-1990. Bending length C of the samples was obtained from a 
SDL atlas bending length tester (Figure 3.5). 
 
Figure 3.5: Bending length tester 
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3.5.6 Colour difference measurements 
Measurement of CIE-Lab (ΔE) colour difference of the dyed fabric coated with different 
thermal conductive materials was conducted using Datacolor spectraflash 600 with D65 
illuminant and 10 degree observer (Figure 3.6). Un-treated samples were used as standard 
and the colour difference between treated samples and  standard was measured. Digital 
pictures of samples were taken with a Canon EOS 550D DSLR camera to visualize the colour 
difference. 
 
 
Figure 3.6:Data colour spectra flash 600 
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CHAPTER FOUR 
Effect of thin nanocomposite coating containing high 
thermal conductivity nano fillers on thermal 
performance of cotton fabric 
In this chapter, the effect of thin nanocomposite coating containing nano fillers, multi-wall 
carbon nanotubes (MWCNTs), graphene or boron nitride (BN) particles, on the thermal 
performance of cotton fabric has been studied. 
4.1 MWCNT-containing coatings 
MWCNTs were dispersed in an aqueous solution of epichlohydrin based resin with the aid of 
a surfactant. The MWCNT-resin solutions were applied onto cotton fabrics to form a thin 
coating with different MWCNT contents (0%, 11.1%, 20.0%, 33.3%, and 50.0%). Thermal 
characteristics along with other properties like surface morphology, air permeability, flexural 
rigidity and water contact angle have been assessed before and after coating with the 
MWCNT-resin. 
4.1.1 Surface morphology 
Figure 4.1a shows the SEM image of the MWCNTs used in this study. They were uniform in 
diameter and had a large aspect ratio. It has been reported that the dispersion state of CNTs 
affects the thermal conductivity of the composite formed and a better CNT dispersion results 
in higher thermal conductivity [131]. To form a uniform dispersion, herein, the MWCNTs 
were purified with HNO3, and the purified MWCNTs were then successfully dispersed in a 
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solution of Hercosett XC resin containing a surfactant, 3-(N, N-dimethylmyristylammonio)-
propanesulfonate. The presence of the surfactant in the solution was found to effectively 
prevent the MWCNTs from re-aggregating. As shown in Figure 4.1b, without surfactant the 
MWCNTs settled from the solution within 8 hours of standing; however the MWCNTs were 
in a well-dispersed state in the same period of time when surfactant was used. 
 
Figure 4.1: (a) SEM image of MWCNTs and (b) 4% purified MWCNT dispersions in water 
without (left) and with (right) surfactants after standing for 8 h. 
Figure 4.2 shows the surface morphology of the cotton fibres before and after the MWCNTs-
resin treatment. For the pristine cotton fabric, the weave structure and the native striations 
along the fibre can be clearly observed (Figures 4.2a and b). When the fabric was coated 
with a thin layer of resin that contained 11.1% MWCNTs, the cotton fibres were partially 
covered with a layer of randomly distributed MWCNTs (Figure 4.2c). For the case of 20.0% 
MWCNTs in the coating, a nearly full coverage of MWCNTs was found on the fibres 
(Figure 4.2d). With increasing the MWCNT content to 33.3% and 50.0%, the loading 
amount of MWCNTs on the fibres increased, which covered on the whole fiber surface 
homogeneously (Figures 4.2e and f). 
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Figure 4.2: SEM images of the (a & b) uncoated and (c~f) coated cotton fabrics with (c) 
11.1%, (d) 20.0%, (e) 33.3% and (f) 50.0% MWCNTs in the coating layer 
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4.1.2 Thermal characteristics 
4.1.2.1 Thermal conductivity 
Figure 4.3 shows the lines of ln[(T−Tamb)/(T0−Tamb)] plotted against cooling time for the 
system with and without coating with resin/MWCNTs. The cooling constant K of the systems 
was obtained from the linear slope. It’s also clear from the lines that the cooling constant 
increased with increasing the loading of MWCNTs in the coating layer. According to 
equations (3.3) and (3.4), the thermal resistance and thermal conductivity of the fabric 
samples were calculated. The results are presented in Table 4.1. The thermal conductivity 
showed an increase with increasing the loading of MWCNTs in the coating layer.   
   
Figure 4.3: Ln[(T−Tamb)/(T0−Tamb)] vs. time lines for the bared system without fabric 
coverage and with untreated, resin coated and MWCNT-resin coated fabric coverag
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Table 4.1: Thermal characteristics of uncoated, resin coated and MWCNT-resin coated 
fabrics 
Samples thermal resistance 
R (K/W) 
thermal conductivity 
λ (W/mK) 
increase 
(%) 
uncoated 3.93 ± 0.32 0.031 ± 0.006 0.00 
Coating without MWCNTs 2.67 ± 0.18 0.047 ± 0.005 51.61 
Coating with 11.1% MWCNTs 2.31 ± 0.3 0.072 ± 0.007 132.25 
Coating with 20.0% MWCNTs 1.98 ± 0.3 0.084 ± 0.009 170.96 
Coating with 33.3% MWCNTs 1.77 ± 0.45 0.095 ± 0.010 206.45 
Coating with 50.0% MWCNTs 1.56 ± 0.15 0.108 ± 0.008 248.38 
Compared with the untreated cotton fabric, there was a 132.25% enhancement in thermal 
conductivity for the fabric coated with resin containing 11.1% MWCNTs. For the case of 
50.0% MWCNT-resin coating, the thermal conductivity increased by as much as 248.38%. 
For the fabric coated with just resin containing no MWCNTs, the thermal conductivity 
enhancement was only 51.61%. 
The increase in thermal conductivity of the fabric is because of the high thermal conductivity 
nature of the filler. The increase in the volume fraction of the filler increased the thermal 
conductivity of the matrix (fabric in this case) as per sample. 
4.1.2.2 Surface temperature during heating and cooling 
Figure 4.4 shows the temperature ~ time curves of the cotton fabrics during a heating or 
cooling process. At a controlled heat source temperature of 50 ºC, the surface of the uncoated 
fabric reached a maximum temperature of 46.7 ºC in 4.5 seconds. In comparison, the 
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MWCNT-resin coated fabrics only showed a maximum of 45.8, 45.6, 45.3, and 44.7 ºC 
respectively for 11.1, 20.0, 33.3 and 50.0% MWCNTs in the coating layer (Figure 4.4a). 
Difference in surface temperature of samples during heating is because of the different 
thermal conductivities of the samples. The fabric with greater thermal conductivity showed 
lower surface temperature because of better heat conduction during heating. 
In addition to the thermal conduction mode, another possible effect leading to the decrease of 
surface temperature is the high surface emissivity of MWCNTs, which is also effective for 
heat dissipation and can be referred to as radiative cooling effect [132]. The better heat 
dissipation capacity of MWCNT-resin coated fabrics was also demonstrated by a cooling 
process (Figure 4.4b). As expected, a lower equilibrium temperature for the MWCNT-resin 
coated fabrics was observed when compared to the uncoated control.  
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Figure 4.4: Temperature vs. time curves during a (a) heating, and (b) cooling process for the 
untreated, resin coated and MWCNT-resin coated cotton fabrics 
Infrared (IR) thermography is a non-contact and non-intrusive technique, which is based on 
the principle that all objects above absolute zero emit IR radiant heat in an amount that is 
directly related to the object’s temperature. In comparison to conventional temperature 
measurement techniques such as using thermocouples or thermometers, IR thermography 
offers many advantages including easy operation, large measurement area, and ability to 
visualize temperature change and distribution profile. It is especially suitable for studying the 
heating/cooling performance of fabrics where only the surface temperature needs to be 
monitored. 
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Figure 4.5 shows the IR thermography images of a hand when it was covered with the 
uncoated control fabric (Figure 4.5a) and the one with 50.0% MWCNT-resin coating 
(Figure 4.5b). For the uncoated control, the maximum temperature was 35.2 ± 2 ºC, whereas 
the maximum temperature for the 50.0% MWCNT-resin coated fabric was only 32.4 ± 2 ºC. 
This indicates that the fabric coated with a MWCNT-resin layer shows a cooling effect 
compared to uncoated control fabric. In addition, both the coated and uncoated fabrics were 
heated up by the same heat source with a constant temperature (40 ºC). After 5 minutes of 
heating, IR thermal images were taken. As shown in Figure 4.5c & d, the temperature for the 
50.0% MWCNT coated fabric was 37.3 ± 1 ºC in the heating zone, while the temperature for 
the uncoated fabric in the same spot was 39.2 ± 0.5 ºC. 
 
Figure 4.5: IR thermography images of a (a, b) hand (c, d) hot plate through fabrics: (a, c) 
untreated and (b, d) coated cotton fabrics (50.0% MWCNTs in the resin) 
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4.1.3 Air permeability 
Figure 4.6 shows the effect of MWCNT-resin coating on the air permeability of fabric. 
Without the coating layer, the air permeability of uncoated fabric was 665 mm/s. For the 
fabric coated with resin only, the permeability decreased to 515 mm/s. 11.1% MWCNT-resin 
coating led to further decrease of air permeability to 315 mm/s. With increasing the MWCNT 
content in the coating layer, the air permeability decreased slightly further and reached 238 
mm/s for the case of 50.0% MWCNT-resin coating. This decrease in air permeability was 
due to the fact that the coating layer blocked the interstices of warp and weft to some extent 
within the fabric, and it also reduced the pore space in the yarn filaments. Generally, lowering 
the air permeability leads to a smaller fraction of air entrapped in fabric matrix, resulting in 
higher thermal conductivity. The decrease in air permeability also contributes to higher heat 
dissipation efficiency of the MWCNT-resin coated fabrics because thermal conductivity of an 
untreated fibrous material (fabric in this case) is determined by the inherent thermal 
conductivity of material and the volume of air entrapped in the pores or inters fibre spaces 
(equation 2.3). Entrapped air contributes to thermal insulation in the material and the greater 
the volume of air in the material the lesser will be the net thermal conductivity of the fabric. 
If the material is coated with high thermally conductive material coatings (MWCNT) then the 
increase in the volume of the coatings leads to a positive effect on net thermal conductivity of 
the material as these materials replaced or filled the spaces and  removed the  low thermally 
conductive air. The filling of spaces that are occupied by low thermally conductive air with 
high thermally conductive material increased the thermal conductivity of the composite.  
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Figure 4.6: Air permeability of untreated, resin coated and MWCNT-resin coated fabrics 
4.1.4 Water contact angle 
Figure 4.7 shows the evolution of water droplet spreading on each fabric. Due to the 
abundant surface hydroxyl groups, the pristine cotton fabric is hydrophilic and can be 
completely wetted by water in less than 0.132 second. After the resin treatment (without 
MWCNTs), the fabric became less hydrophilic with a contact angle of 110º at 0 second and 
the water droplet took more than 1 second to spread completely. The presence of MWCNTs 
in the resin decreased the hydrophobicity. The water droplets on the coated fabric containing 
20.0~50.0%. MWCNTs in the resin layer could spread within 0.165 second. With increasing 
the MWCNT content, the coated fabric tended to recover to its hydrophilic state. The coating 
containing 50.0% MWCNTs showed a similar wetting feature to the un-coated cotton fabric, 
with minimal influence on the moisture/sweat absorption. The improvement in wettability as 
a result of increasing the MWCNT content in the coating layer also assisted in the absorption 
and evaporation of moisture and thus increasing the heat dissipation.    
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Figure 4.7: Evolution of water droplet spreading with time for the (a) untreated, (b) resin 
coated, and (c~f) MWCNT-resin coated cotton fabrics with (c) 11.1%, (d) 20.0%, (e) 33.3% 
and (f) 50.0% MWCNTs in the coating layer 
4.1.5  Flexural rigidity 
The flexural rigidity of fabric under different coating conditions is shown in Figure 4.8. The 
fabric rigidity increased with increasing the MWCNT content in the coating layer. The fabric 
coated with the resin containing 50.0% MWCNTs was 188% stiffer than the control in warp 
direction. This suggests that the fabric handle property is adversely affected by the MWCNT 
coating.  
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Figure 4.8: Flexural rigidity of untreated, resin coated and MWCNT-resin coated fabrics  
4.1.6 Colour difference measurements 
Cotton fabrics dyed in yellow, blue and red were subjected to the coating treatment and the 
colour change after coating was measured and shown in Figure 4.9. Digital pictures were 
also taken to illustrate the visual difference (Figure 4.10). After MWCNT coating, both 
digital pictures and data colour results showed a large change in inherent colour of the fabric, 
regardless of the main hue (yellow, red and blue). The presence of MWCNT in the coating 
changed red colour to burgundy, and royal blue to navy blue, even when the content was low 
(e.g. 11.1%). The darkness of the colour increased with the increased MWCNT content, and 
the effect of coating is more towards a darker shade. In the case of the yellow colour, the 
change is noticeable as compared to the other two colours. This is because the brightness of 
the yellow colour is more than the other two colours and the material applied as coating is 
black.  
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Figure 4.9: Effect of MWCNT content in the coating layer on the colour difference of the 
coated fabrics 
 
Figure 4.10: Appearance of dyed fabric before and after MWCNT-resin coatings 
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4.2 Graphene-containing coatings 
As received graphene was dispersed in an aqueous solution of epichlohydrin based resin with 
the aid of a surfactant. The graphene-resin solutions were applied onto cotton fabrics to form 
a thin coating with different graphene contents (0%, 11.1%, 20.0%, 33.3%, and 50.0%). 
Thermal characteristics along with other properties like surface morphology, air permeability, 
flexural rigidity and water contact angle were assessed before and after coating with the 
graphene-resin dispersions. 
4.2.1 Surface morphology 
Figure 4.11 shows the SEM images of the graphene used in this study and the surface 
morphology of cotton fibre before and after the coating treatment. The layered structure of 
the graphene can be seen in Figure 4.11a. For the graphene-resin coated fibres, the surface 
looked smoother for higher concentrations, while at lower concentrations an uneven surface 
can be seen (Figure 4.11c~f).  
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Figure 4.11: SEM images of the (a) graphene (b) uncoated and (c~f) coated cotton fabrics 
with (c) 11.1%, (d) 20.0%, (e) 33.3% and (f) 50.0% graphene in the coating layer 
4.2.2 Thermal characteristics 
4.2.2.1 Thermal conductivity 
Figure 4.12 shows the lines of ln[(T−Tamb)/(T0−Tamb)] plotted against cooling time for the 
system with and without coating with grapheme-resin. The resultant  thermal conductivity 
values of the fabrics are presented in Table 4.2. The thermal conductivity of the resultant 
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coated fabric increased with increasing the graphene content in the coating layer. This effect 
can easily be explained by simple rule of mixture as discussed in Chapter 2. 
 
Figure 4.12: Ln[(T−Tamb)/(T0−Tamb)] vs. time lines for the bared system without fabric 
coverage and with untreated, resin coated and graphene-resin coated fabrics coverage 
Table 4.2: Thermal characteristics of the uncoated, resin coated and graphene-resin coated 
fabrics samples 
Samples thermal resistance 
R (K/W) 
thermal conductivity 
λ (W/mK) 
increase 
(%) 
uncoated 3.94 ±  0.32 0.031 ± 0.006 0.00 
Coating without Graphene 2.67 ± 0.18 0.047 ± 0.005 51.61 
Coating with 11.1% Graphene 2.11 ± 0.24 0.078 ± 0.009 151.61 
Coating with 20.0% Graphene 1.58 ± 0.25 0.104 ± 0.01 235.48 
Coating with 33.3% Graphene 1.17 ± 0.33 0.142 ± 0.009 358.06 
Coating with 50.0% Graphene 0.57 ± 0.12 0.292 ± 0.015 841.93 
For the fabric coated with just resin, the thermal conductivity was 0.047±0.005 W/mK, a 
51.61% increase compared to the uncoated cotton fabric. For 11.1% graphene in coating layer 
the thermal conductivity of the coated fabric changed to 0.078 ± 0.008 corresponding to the 
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improvement in thermal conductivity by 152%. With an increase in the content of the 
graphene, the thermal conductivity of the fabric increased. For graphene-resin composite 
coating, the thermal conductivity of the fabric was 0.10±0.001, 0.14±0.001 and 0.29±0.015 
W/mK for the content of 20.0, 33.3, and 50%, respectively. Based on the uncoated cotton 
fabric, these increases represented 235, 358 and 842% improvement in the thermal 
conductivity.  
4.2.2.2 Surface temperatures during heating and cooling 
Figure 4.13 shows the temperature ~ time curves of the cotton fabrics during a heating 
process. At a controlled heat source temperature of 50 ºC, the surface of the uncoated fabric 
reached a maximum temperature of 46.7 ºC in 4.5 seconds. For the fabrics coated with the 
grafhene-resin composite coating the surface remained at lower temperature under the same 
testing conditions. This was due to the effective thermal dissipation of heat through the 
coated layer and can be referred to as irradiative cooling effect [132]. The maximum 
difference in equilibrium surface temperature between coated and control fabric was recorded 
for 50.0% graphene-coated fabric, which was 2.6 °C (Figure 4.13a).  
The equilibrium temperature of the coated fabrics during cooling was also measured (Figure 
4.13b). During the test, all the coated samples were heated for 10 minutes at a controlled heat 
source temperature of 50 ºC and then cooled naturally in a standard ambient condition. After 
24.5 minutes of cooling, the minimum temperature was measured. For the resin coated fabric, 
the equilibrium temperature was 30.4 °C. All graphene-resin coated samples exhibited better 
cooling behaviour and remained at lower equilibrium cooling temperature than resin coated 
fabric and control. With the increase of material content in the coating layer the equilibrium 
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cooling temperature decreased. The lowest equilibrium temperature was recorded to be 
27.9 °C, which resulted from the 50.0% graphene coating. 
 
 
Figure 4.13: Temperature vs. time curves during a (a) heating, and (b) cooling process for 
the untreated, resin coated and graphene coated cotton fabrics 
4.2.3 Air permeability 
A fibrous material is typically composed of fibres and entrapped air, and its thermal 
conductivity is thus affected by both factors. The fraction of the entrapped air should have an 
influence on the thermal conductivity of fabric. The entrapped air in the pores or inter yarn 
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spaces, if not replaced by fresh one will act as an insulator and reduce the thermal 
conductivity of the fabric [5, 133]. 
The air permeability of the coated fabrics was measured for this reason. As shown in Figure 
4.14, the air permeability for the uncoated fabric was 665 mm/sec. For the fabric coated with 
resin only, the air permeability was decreased to 515 mm/s. When the coating layer contained 
graphene, the air permeability was reduced further. The reduction in air permeability was 
recorded in the range of 278.4~180.6 mm/sec where 278.4 mm/sec was for the fabric 
containing 11.1% and 180.6 mm/s for the fabric containing 50.0% graphene in the coating 
layer.  
The decrease in air permeability was due to the fact that the coating material to some extent 
blocked the interstices and pores in the fabric. Effect of reduced air permeability of fabric on 
its thermal performance has been explained in the previous section. 
 
Figure 4.14: Air permeability of the untreated, resin coated and graphene-resin coated fabrics  
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4.2.4 Water contact angle 
Figure 4.15 shows the evolution of water droplet spreading on cotton fabrics. Due to the 
abundant surface hydroxyl groups, the pristine cotton fabric is hydrophilic and can be 
completely wetted by water in less than 132 ms. When the cotton fabric was treated with 
resin only, the fabric became less hydrophilic, with a contact angle of 110º at 0 second, and 
the water droplet took more than 1 second to completely spread. It can be seen from the 
Figure 4.15 that the wetting behaviour of the samples having 11.1% and 20.0% graphene in 
coating layer did not change much as compared to the resin coated sample. Further addition 
of graphene in the coating layer increased the hydrophilic nature of the fabric. The water 
droplet took more than 198 ms to spread completely for 11.1%, 20.0% and 33.3% graphene 
coated samples but for the sample coated with 50.0% graphene the droplet disappeared in 198 
ms completely. Hydrophobic fabric will result in discomfort because of poor moisture 
absorption and evaporation.  
 
 
Figure 4.15: Evolution of water droplet spreading with time for the (a) untreated, (b) resin 
coated, and (c~f) graphene-resin coated cotton fabrics with (c) 11.1%, (d) 20.0%, (e) 33.3% 
and (f) 50.0% graphene in the coating layer 
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4.2.5 Flexural rigidity 
The flexural rigidity of fabric is a measure of fabric handle. Figure 4.16 shows the flexural 
rigidity of uncoated, resin coated and graphene-resin coated fabrics. Coating the fabric with 
resin only increased the flexural rigidity by 63% and this was increased further when the 
fabric was coated with resin and graphene. A linear increase in the rigidity of the fabric with 
concentration of graphene in coating layer has been observed.  For 11.1, 20.0, 33.3. and 50.0% 
graphene coated fabrics, the increase in the flexural rigidity was 94%, 135%, 229% and 
260%, respectively.  
 
Figure 4.16: Flexural rigidity of uncoated, resin coated and graphene-resin coated fabrics  
4.2.6 Colour difference 
Different coloured fabrics were coated with different concentrations of graphene and assessed 
for colour change. Graphene-resin coating led to a large change in inherent colour of the 
fabric, regardless of the main hue (yellow, red and blue). Graphene in the coating layer 
changed the fabric colour more towards the greyish side than black (Figure 4.18).This effect 
  
 
65 
 
of colour change is gradual in contrast to MWCNT which changed the whole hue even at a 
lower level of concentration (11.1%). Fabric colour deviated from main hue gradually and 
transformed into a new colour at maximum concentration level of graphene in coating layer 
(Figures 4.17 and 4.18).  
 
Figure 4.17: Effect of graphene content in the coating layer on the colour difference of the 
coated fabrics 
 
Figure 4.18: Appearance of dyed fabric before and after graphene-resin coatings 
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4.3 BN-containing coatings 
BN dispersions in resin, with the help of ammonium oleate surfactant, were made and applied 
on the fabric. In terms of solid content in the coating layer 0, 11.1, 20.0, 33.3 and 50.0% BN 
concentrations were applied on the fabric. Fabric after coating was examined for different 
thermal and related characteristics. 
4.3.1 Surface morphology 
As shown in Figure 4.19a, BN showed an irregular particle shape. When BN-containing 
composite was coated onto cotton fibres, the fibre surface became rough. At a low level of 
concentration the irregular and rough surface can easily be seen but with little coverage of 
BN. Roughness in the surface increased at higher levels of BN loading. Full coverage of the 
fibre with BN particles can be seen at maximum concentration.  
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Figure 4.19: SEM images of the (a) BN (b) uncoated and (c~f) coated cotton fabrics with (c) 
11.1%, (d) 20.0%, (e) 33.3% and (f) 50.0% BN in the coating layer 
4.3.2 Thermal characteristics 
4.3.2.1 Thermal conductivity 
For thermal conductivity measurements, the lines of ln[(T−Tamb)/(T0−Tamb)] were plotted 
against cooling time for the bare system and the systems with a fabric coverage (Figure 4.20). 
The slopes of the lines are the cooling constants of the systems. According to equations (3.3) 
and (3.4), the thermal resistance and the thermal conductivity of the fabric samples were 
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calculated. The results are presented in Table 4.3. A linear correlation was obtained for the 
BN content in coating layer and the thermal conductivity of the resultant coated fabric. This 
effect is easily explainable on the basis of rule of mixture as discussed in Chapter 2. 
 
Figure 4.20: Ln[(T−Tamb)/(T0−Tamb)] vs. time lines for the bared system without fabric 
coverage and with untreated, resin coated and BN-resin coated fabrics coverage 
Table 4.3 Thermal characteristics of uncoated resin coated and BN-resin coated fabrics 
Samples thermal resistance 
R (K/W) 
thermal conductivity 
λ (W/mK) 
increase 
(%) 
uncoated 3.94 ± 0.32 0.031 ± 0.006 0.00 
Coating without BN 2.67 ± 0.18 0.047 ± 0.005 51.61 
Coating with 11.1% BN 2.24 ± 0.3 0.074 ± 0.007 138.70 
Coating with 20.0% BN 1.71 ± 0.45 0.096 ± 0.004 209.68 
Coating with 33.3% BN 1.35 ± 0.36 0.123 ± 0.009 296.77  
Coating with 50.0% BN 0.81 ± 0.25 0.204 ± 0.013 558.06 
Compared to the untreated control fabric the samples treated with only resin showed 51.61% 
enhancement in thermal conductivity. By adding BN in the coating layer the thermal 
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conductivity increase is obvious. When the coating layer contains 11.1% of BN, the thermal 
conductivity was increased by 138.70%.  Further increase in the BN content in the coating 
layer led to even more increase in the thermal conductivity of the fabric. Maximum increase 
of 558.06%  in thermal conductivity of the fabric was observed at 50.0% BN content in 
coating layer. This enhancement in thermal conductivity is because of the large thermal 
conductivity value of BN. 
4.3.2.2 Surface temperatures during heating and cooling 
Temperature ~ time curves of the cotton fabrics during a heating process are given in Figure 
4.21a. At a controlled heat source temperature of 50 ºC, the surface of the uncoated fabric 
reached a maximum temperature of 46.7 ºC in 4.5 seconds. For the fabrics coated with the 
BN and resin, the surface remained at a lower temperature under the same testing conditions. 
This was due to the effective thermal dissipation of heat through the coated layer and can be 
referred to as the irradiative cooling effect [132]. The difference in the equilibrium surface 
temperature was in the range of 0.9 °C ~ 2.4 °C for all coatings of BN (11.1%-50.0%). 
The equilibrium temperature of the coated fabrics during cooling was also measured (Figure 
4.21b). During the test, all the coated samples were heated for 10 minutes and then cooled 
naturally in a standard ambient condition. After 24.5 minutes of cooling, the minimum 
temperature was measured. For the untreated control fabric, the equilibrium temperature was 
30.4 °C while it reduced to 29.9 °C for the fabric coated with resin only. With the increase of 
BN content in the coating layer the equilibrium cooling temperature decreased. The lowest 
temperature, 28.4 °C, was found at the filler concentration of 50.0%. However, for the 
composite coating containing the 11.1% BN in the coating layer, the equilibrium temperature 
was 29.1 °C. These results suggest the BN coated fabric has better cooling behaviour 
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compared to the control, because of the enhanced heat dissipation capability of the coated 
fabric. 
 
Figure 4.21: Temperature vs. time curves during a (a) heating, and (b) cooling process for 
the untreated, resin coated and BN-resin coated cotton fabrics 
4.3.3 Air permeability 
The air permeability of coated and uncoated fabrics was measured. As shown in Figure 4.22, 
the air permeability for the uncoated fabric was 665 mm/s. For the fabric coated with resin 
only, the air permeability was decreased to 515 mm/s. With BN in the coating layer, the air 
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permeability decreased in the order of 11.1% < 20.0% 33.3% < 50.0% samples. As discussed 
in section 4.1.3 and 4.2.3 the effect of reduced air permeability is advantageous for 
conduction heat transfer. 
 
Figure 4.22: Air permeability of the untreated, resin coated and BN-resin coated fabrics  
4.3.4 Water contact angle 
Figure 4.23a demonstrates the hydrophilic behaviour of cotton fabric, which is because of 
the abundant surface hydroxyl groups. The wetting of untreated fabric was done in less than 
132 ms while fabric treated with resin took more than 1 sec to wet completely. In contrast to 
MWCNT and graphene, all BN-coated fabrics became hydrophobic and it took about 7 
seconds for a water droplet to disperse completely on these fabric surfaces. As mentioned in 
previous section, hydrophobic property will result in discomfort because of poor moisture 
absorption and evaporation. 
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Figure 4.23: Evolution of water droplet spreading with time for the (a) untreated, (b) resin 
coated, and (c~f) BN-resin coated cotton fabrics with (c) 11.1%, (d) 20.0%, (e) 33.3% and (f) 
50.0% BN in the coating layer  
4.3.5 Flexural rigidity 
Figure 4.24 shows an increase in the rigidity with the increase in BN content. BN-coated 
fabric showed a rigidity of 329% at 50.0% BN content in the coating layer and 152% at 11.1% 
BN content in the coating layer. This effect can be explained on the basis of surface 
morphologies of BN coated fabric in Figure 4.19 that showed increased surface roughness of 
fabric and hence more tendency of fabric to resist bending. As bending resistance of the 
fabric increased the resultant rigidity also increased. 
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Figure 4.24: Flexural rigidity of untreated, resin coated and BN-resin coated fabrics 
4.3.6 Colour difference 
Cotton fabric dyed in yellow, blue or red was subjected to the coating treatment and the 
colour change after coating was measured and shown in Figure 4.25. Digital pictures were 
also taken to illustrate the visual difference (Figure 4.26). Figure 4.25 indicates very large 
deviation of colour from standard untreated fabric in terms of CIE-lab values. This effect is 
visible in digital pictures too (Figure 4.26). The tone of main hue (yellow, red and blue) is 
still noticeable even after coating with maximum concentration of BN. This effect can be 
termed as the dilution of main colour as it  shifted towards a more lighter side instead of 
getting darker.  
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Figure 4.25: Effect of BN content in the coating layer on the colour difference of the coated 
fabrics 
 
Figure 4.26: Appearance of dyed fabric before and after BN-resin coatings 
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4.4 Discussion 
For a fabric, its thermal conductivity (λ) can be estimated according to the contribution from 
the fibre matrix, the coating layer and the air trapped, by the following equation for a 
composite system [134]:  
                                         (4.1) 
                  (4.2) 
where V is the volume fraction, and the subscripts m, c and a respectively stand for the fabric 
matrix, the coating layer and air. For the uncoated fabric, its porosity φ equals Va, and thus Vm 
= 1 – φ. Therefore, its thermal conductivity (λ0) is:  
                              (4.3) 
Here it is supposed that the coating does not change the bulk volume of the fabric. The 
overall thermal conductivity of the coated fabric (λ) is: 
       (4.4) 
Since the coating layer consists of resin and nano filler, its thermal conductivity can be 
calculated in a similar way as: 
                (4.5) 
where ϕ is the volume concentration of the nano filler.  Therefore, λ can be rewritten into:  
      (4.6) 
For the pure resin coating, ϕ is zero. The improvement in thermal conductivity due to the 
nano filler treatment is:  
                                  (4.7) 
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which can be rewritten as: 
                                  (4.8)
 
Equation (4.8) suggests that the improvement in the thermal conductivity of the coated fabric 
is mainly governed by the thermal conductivity of the nano filler (λn), the volume 
concentration of the nano filler in the coating layer (ϕ), and the porosity of the fabric (φ). The 
increase in λn and ϕ, and decrease in φ both result in improvement of the thermal conductivity. 
With increasing the filler content in the coating layer, the thermal conductivity of the 
composite increased, which is in good accordance with our experimental observation. This 
trend applies to all three nano fillers. The decrease in air permeability of the fabric (i.e., 
porosity φ) was observed with increasing the filler content. This decrease further improves 
the thermal conductivity according to equation (4.8).  
Graphene has the highest thermal conductivity among these three nano fillers, and thus 
should have higher thermal conductivity (from eq.14) than others if the air permeability of 
the coated fabric is the same. In addition, the graphene containing coating resulted in a 
relatively large decrease in air permeability when compared with BN and MWCNTs. So 
graphene exhibited the highest improvement in the thermal conductivity of the fabric. 
It should be noted that MWCNT showed lower improvement in the thermal conductivity than 
BN. This seems to be unreasonable if considering the fact that an individual MWCNT has an 
extremely high thermal conductivity of up to several thousands W/mK [13]. It was also 
reported by other researchers that the thermal conductivity of CNT bundles, mats or polymer 
nanocomposites was considerably lower (down to a few W/mK at room temperature) 
compared to the theoretically predicted values. [135-137] The unexpected low thermal 
conductivity was attributed to the weak inter-connection between CNTs. The inter-
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connection through van der Waals forces significantly impedes the phonon transport at the 
connected junctions, [135] thus reducing the thermal conductivity.  
4.5 Conclusion 
x A composite coating containing epichlohydrin based resin and well-dispersed 
MWCNTs has shown an effective improvement in the heat dissipation of the coated 
cotton fabric. The thermal conductivity of the fabrics showed a great increase of 
151% for the case of 50.0% MWCNTs in the coating layer. IR thermography was 
used to characterise the heating/cooling behaviour of the fabrics. On contact with a 
hot surface set at 50 ºC, the equilibrium surface temperature of the MWCNT-resin 
coated fabric can be 3.9 ºC lower than that of the untreated fabric. The cooling rate 
increased with increasing the MWCNT content in the coating layer. The coating had 
little influence on water contact angle of the coated fabrics, but slightly decreased the 
air permeability. The handle of the fabric was largely affected by the coating 
treatment and 188% more rigid fabric than control was observed after treatment with 
50.0% MWCNT. The effect of these coatings on colour of the fabric showed that the 
hue of the fabric changed from the original one and more darker colours towards 
black.  
x Graphene, a two dimensional highly thermally conductive material, when co-applied 
with resin on the fabric surface led to an enhancement as high as 841%  in the thermal 
conductivity of the fabric for 50.0% graphene content in the coating layer. The 
grapheme-resin coated fabrics exhibited better cooling effect than the control. 
Reduced air permeability of the coated fabrics with graphene also contributed to the 
thermal conductivity enhancement. Water wetting behaviour of treated fabrics was 
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similar to MWCNT treated samples. The handle of the fabric was adversely affected 
by the coating treatment. A great influence on the colour of the fabric was also 
observed for graphene coated fabrics.  
x BN, a white thermal conductive material, when applied in combination with resin 
increased the thermal conductivity of the fabric to 558.08% for the case of 50% content. 
Treated fabric produced more cooling effect during both the heating and cooling process. 
Air permeability and handle of the fabric was decreased with the coating treatment. After 
coating with BN, the fabric became hydrophobic and water droplet took more than 7 sec 
to spread completely. The effect of the BN coating on the colour of fabric was diluting 
and the fabric turned more whitish compared to the control.
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CHAPTER FIVE 
Effect of thin nanocomposite coatings containing low 
thermal conductivity nano fillers on thermal 
performance of cotton fabrics 
In this chapter, the effect of thin nanocomposite coating containing nano-sized zirconium 
oxide, fumed silica, and aluminium oxide on the thermal performance of cotton fabric has 
been studied. 
5.1 Zirconium oxide-containing coatings 
Zirconium oxide (powder) was dispersed in an aqueous solution of epichlohydrin based resin. 
The zirconium oxide-resin solution was then applied onto cotton fabrics by a simple dip 
coating technique. The concentration of zirconium oxide in the solution was set as 2, 4, 8 and 
16%, corresponding to solid content of 33.3, 50.0, 66.6 and 80.0%, respectively. The changes 
in thermal characteristics, air permeability, flexural rigidity, water contact angle, and colour 
appearance after coating were examined. 
5.1.1 Surface morphology  
Figure 5.1a shows the morphology of zirconium oxide filler. The size of the material is less 
than 100 nm. Upon coating the zirconium oxide containing suspension onto cotton fabrics, 
and drying at 100 ºC, the coated fibres became rougher on the surface. Figure 5.1c shows the 
surface of cotton fibres after treating with 33.3% zirconium oxide. Particles of zirconium 
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oxide can be visible on the coating surface (Figure 5.1c). As the content of zirconium oxide 
increased, the composite coating covered more fibre surface (Figure 5.1d~f ).  
 
Figure 5.1: SEM images of the (a) zirconium oxide (b) uncoated and (c~f) coated cotton 
fabrics with (c) 33.3%, (d) 50.0%, (e) 66.6% and (f) 80.0% zirconium oxide in the coating 
layer 
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5.1.2 Thermal characteristics 
5.1.2.1 Thermal conductivity  
Figure 5.2 shows the lines of ln[(T−Tamb)/(T0−Tamb)] plotted against cooling time for the 
system with and without coating with zirconium oxide-resin composite. The cooling constant 
K of the systems was obtained from the linear slope. Thermal resistance and thermal 
conductivity of the fabrics were calculated according to equations (3.3) and (3.4). The results 
are presented in Table 5.1. 
For the fabric treated with resin only, the thermal conductivity increased to 0.049 ± 0.0026 
W/mK from 0.041 ± 0.003 W/mK for the untreated fabric. The addition of low thermal 
conductivity material of zirconium oxide reduced the heat conduction. For the case of 33.3% 
zirconium oxide-resin coating, the thermal conductivity was 30.17% less than that of the 
control. The coatings containing 50.0%, 66.6% and 80.0% zirconium oxide reduced the 
thermal conductivity by 33.32%, 39.78% and 44.48%, respectively. This reduction in thermal 
conductivity is ascribed to the low thermal conductivity of the zirconium oxide and the 
entrapped air in the internal voids of the material [21]. 
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Figure 5.2: Ln[(T−Tamb)/(T0−Tamb)] vs. time lines for the bared system without fabric 
coverage and with untreated, resin coated and zirconium oxide-resin coated fabric coverage 
Table 5.1: Thermal characteristics of uncoated, resin coated and zirconium oxide-resin 
coated fabrics 
Samples thermal resistance 
R (K/W) 
thermal conductivity 
λ (W/mK) 
Increase 
(%) 
Uncoated 4.03 ± 0.7 0.041 ± 0.003 0.00 
Coating without zirconium oxide 2.58 ± 0.5 0.049 ± 0.0026 19.15 
Coating with 33.3% zirconium oxide 5.29 ± 0.3 0.029 ± 0.0014 -30.17 
Coating with 50.0% zirconium oxide 6.04 ± 0.2 0.027 ± 0.0018 -33.32 
Coating with 66.6% zirconium oxide 6.36 ± 0.1 0.025 ± 0.0023 -39.78 
Coating with 80.0% zirconium oxide 7.14 ± 0.4 0.023 ± 0.0019 -44.48 
5.1.2.2 Surface temperatures during heating and cooling 
Figure 5.3a shows the temperature vs time curves of the fabrics when placed on a hot 
cylinder of 50 °C for  seconds. The surface temperature of untreated fabric remained higher 
than that of fabric treated with zirconium oxide-resin.  
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The control sample showed a surface temperature of 47.9 ± 1.3 °C , while the fabric 
containing zirconium oxide (33.3%-80.0%) exhibited 3.4~5.6 °C less surface equilibrium 
temperature than control. The low surface temperature of the fabric is because of the 
nanofiller in the coating layer assisting resistance to heat transfer. Compared with the 
uncoated cotton fabric, the samples coated with resin only and resin with zirconium oxide  
(≤80%) both have low equilibrium surface temperature during heating, and the trend that the 
addition of zirconium oxide reduces the thermal conductivity can be clearly observed. Figure 
5.3b shows the cooling trend of a fabric placed on a heating source for 10 min, followed by 
cooling after removal of the heating source. Compared to un coated control fabric, the resin 
coated fabric showed higher cooling rate. In comparison, the zirconium oxide-resin coated 
fabrics showed lower cooling rate. Fabric samples coated with zirconium oxide-resin cooled 
down to  temperatures higher than control depending on the content of the filler in the coating 
layers. The difference in surface cooling temperatures of zirconium oxide-resin coated  
samples was in the range of  0.7~ 2.4 °C for all coatings (33.3%-80.0%). These cooling 
trends showed better cooling effects in control than zirconium-resin coatings while resin 
coating showed a better cooling effect than control. 
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Figure 5.3: Temperature vs. time curves during a (a) heating, and (b) cooling process for the 
untreated, resin coated and zirconium oxide-resin coated cotton fabrics  
5.1.2.3 Thermal insulation value percentage 
Thermal insulation value was calculated to ensure the thermal insulating effect. In this 
experiment Marsh cooling method was used for the measurement of percentage thermal 
insulation value (TIV%). Time taken by the brass cylinder without and with fabric to cool 
down from 48 °C to 38 °C was recorded and TIV% was calculated by equation (3.5).  Figure 
5.4 shows the increased insulating behaviour of the treated samples. 17.1% TIV was recorded 
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for the uncoated cotton fabric and a reduction in thermal insulation value to 13.7% was 
observed for resin treated fabric. The control showed thermal insulation value because 100% 
thermal conductivity in any material is not possible and even the highly thermally conductive 
materials do have some TIV values. Fabric coated with the resin containing 33.3% zirconium 
oxide showed 22.85% thermal insulation value. Fabric coated with 50% zirconium oxide 
increased the thermal insulation value further to 24.4%. Thermal insulation behaviour of 
fabric became more evident when content of zirconium oxide in coating layer increased to 
66.6% and 80.0%, and the respective values of thermal insulation calculated were 28.9% and 
31.52%. These results indicate that the thermal insulating behaviour of treated samples is 
more than the control and is in agreement with the other thermal characteristic results. 
 
 
Figure 5.4: Thermal insulation values of the untreated, resin coated and zirconium oxide-
resin coated fabrics 
  
 
86 
 
5.1.3 Air permeability 
Figure 5.5 shows an inverse relationship between material content and air permeability. 
33.3% zirconium oxide in the coating layer reduced the air permeability to 45.47% compared 
to the uncoated fabric. Further addition of coating filler in coating layer reduced the 
permeability even more. 50.0% content of zirconium oxide in coating layer showed a drop of 
59.03% in air permeability, while 69.56% less air permeable fabric samples were observed 
when the coating contained 66.6% zirconium oxide. The highest content of 80.0% filler led to 
the least air permeability. The reduction in air permeability is because of the material and 
resin coating that have a tendency to block the inter yarn spaces and pores of the fabric.  
 
Figure 5.5: Air permeability of untreated, resin coated and zirconium oxide-resin coated 
fabrics 
5.1.4 Water contact angle 
Figure 5.6 shows the evolution of water droplet in coated and uncoated fabrics. Cotton fibres 
are generally hydrophilic in nature and hence water drop on untreated cotton fabric spread in 
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66 ms. For resin-coated fabric, this hydrophilicity turned into hydrophobicity and water drop 
made an initial contact angle of 110 ο and took more than a second for droplet to spread out 
completely on the fabric’s surface. For the coating containing 33.3% zirconium oxide,  the 
initial contact angle of the coated fabric was 66ο, and water drop also took more than a 
second to disperse out completely. This hydrophobic effect was reduced at higher content of 
(80.0%) filler in the coating layer, and the droplet had an initial contact angle of 58ο and then 
took 0.5 sec to disappear from the surface. 
 
Figure 5.6: Evolution of water droplet spreading with time for the (a) untreated, (b) resin 
coated, and (c~f) zirconium oxide-resin coated cotton fabrics with (c) 33.3%, (d) 50.0%, (e) 
66.6% and (f) 80.0% zirconium oxide in the coating layer 
5.1.5 Flexural rigidity 
Effect of zirconium oxide-containing fabric coatings on fabric handle characteristics was 
measured by calculating its flexural rigidity. As presented in Figure 5.7, an overall decrease 
in the fabric softness has been observed. For 33.3% zirconium oxide in the coating layer, the 
coated fabric increased in its rigidity, by 122.0% compared to the uncoated fabric control. 
Increasing the filler content to 50.0% led to increase in rigidity by165.0%. Further increase of 
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content to 66.6% increased the rigidity of fabric by 188.0%, and 247.0% rigidity was 
observed for samples having 80.0% content of filler in coating layer compared to control.  
 
Figure 5.7: Flexural rigidity of untreated, resin coated and zirconium oxide-resin coated 
fabrics  
5.1.6 Colour difference 
Effect of above coatings on fabric appearance was also studied. Colour difference calculated 
by the data colour showed a huge deviation of the colour from the original colour (Figure 
5.8). The visual colour difference was also analysed by taking digital pictures of the fabric 
(Figure 5.9). Zirconium oxide coatings were white in colour so they had a diluting effect on 
the colours. Figure 5.9 showed the dilution of colour and the effect reaches its maximum 
when the coating layer contains 80.0% zirconium oxide. Amongst the three colours, the 
colour difference between the coated and uncoated fabric was least for yellow, but maximum 
for red. 
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Figure 5.8: Effect of zirconium oxide content in the coating layer on the colour difference of 
the coated fabrics 
 
Fig 5.9: Appearance of dyed fabric before and after zirconium oxide-resin coatings 
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5.2 Fumed silica-containing coatings 
5.2.1 Surface morphology  
Figure 5.10 shows the morphologies of fumed silica and coated fabric samples. The particle 
size of fumed silica is less than 100 nm. Some aggregates are also visible in Figure 5.10a. 
The surface of coated fibres is irregular compared to smooth pristine fibre (Figure 5.10). The 
surface covered with fumed silica increased with the increase in the fumed silica content in 
the coating layer. 
 
Figure 5.10: SEM images of the (a) fumed silica (b) uncoated and (c~f) coated cotton fabrics 
with (c) 33.3%, (d) 50.0%, (e) 66.6% and (f) 80.0% fumed silica in the coating layer 
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5.2.2 Thermal characteristics 
5.2.2.1 Thermal conductivity  
Figure 5.11 shows the lines of ln[(T−Tamb)/(T0−Tamb)] plotted against cooling time for the 
system with and without coating of fumed silica-resin composite. The cooling constant K of 
the systems was obtained from the linear slope. Thermal resistance and thermal conductivity 
of the fabrics were calculated according to equations (3.3) and (3.4). The results are presented 
in Table 5.2.  
 
 Figure 5.11: Ln[(T−Tamb)/(T0−Tamb)] vs. time lines for the bared system without fabric 
coverage and with untreated, resin coated and fumed silica-resin coated fabrics coverage  
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Table 5.2: Thermal characteristics of the uncoated, resin coated and fumed silica-resin coated 
fabrics samples 
Samples thermal resistance 
R (K/W) 
thermal conductivity 
λ (W/mK) 
Increase 
(%) 
uncoated 4.03 ± 0.7 0.041 ± 0.003 0.00 
Coating without fumed silica 2.58 ± 0.5 0.049 ± 0.0026 19.15 
Coating with 33.3% fumed silica 5.08 ± 0.3 0.030 ± 0.0018 -27.21 
Coating with 50.0% fumed silica 5.52 ± 0.2 0.028 ± 0.0017 -31.84 
Coating with 66.6% fumed silica 5.65 ± 0.4 0.026 ± 0.0026 -35.72 
Coating with 80.0% fumed silica 6.43 ± 0.1 0.024 ± 0.0013 -42.52 
 
Fabric coated with 33.3% fumed silica showed 27.21% decrease in the thermal conductivity 
compared to control. By increasing the fumed silica content to 50.0% in the coating layer, a 
31.84% reduction in thermal conductivity was observed. Further increasing fumed silica 
content to 66.6% and 80.0% in the coating layer lowered the thermal conductivity by 35.72% 
and 42.52%. Correspondingly, thermal resistance of the fumed silica coated fabric increased 
with  the increase of fumed silica content in the coating layer. 
5.2.2.2 Surface temperatures during heating and cooling 
Temperature vs time curves of the fabrics placed on a hot cylinder (50 °C) for  4.5 sec are 
shown in Figure 5.12a. The curves showed that surface temperature of control remained high 
compared to samples coated with fumed silica and resin. Uncoated fabric showed a surface 
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temperature of 47.9 ± 1.3 °C while fabric coated with  33.3% fumed silica exhibited 1.6 °C 
less surface temperature than uncoated fabric. A maximum difference of 3.7 °C in surface 
equilibrium temperature was recorded for 80.0% fumed silica coated fabric than uncoated 
control fabric. The low surface temperature of the fumed silica coated fabric is because of the 
fact that thermal resistant material take more time to be heated up to equilibrium. In 5 sec of 
exposure to the heating source, the less thermally resistant fabric (untreated) reached the 
maximum temperature of 47.9 ± 1.3 °C while in the same time thermal resistant fabric 
(fumed silica-resin coated) remained at a lower temperature.  
Figure 5.12b shows the cooling trend of a fabric placed on a heating source for 10 min and 
then cooled down after removal of the heating source. Rate of cooling of control is recorded 
as maximum compared to coated samples. This is because of the better heat dissipation 
characteristics of the uncoated fabric.  The control sample cooled down to 30.0 ± 1.2 °C.  
The fumed silica content in the coating reduced the cooling rate of the fabric and cooled 
down to higher temperatures than uncoated fabric. The minimum difference of 0.5 °C in 
surface cooling temperature  was recorded for 33.3% fumed silica coated fabric compared to  
control. While  80.0% fumed silica coated fabric showed 1.4 °C less temperature than control. 
Resin coated fabric samples showed a surface temperature of 29.6 ± 0.5 °C during cooling 
which is less than the control and  fumed silica coated fabrics. 
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Figure 5.12: Temperature vs. time curves during a (a) heating, and (b) cooling process for 
the untreated, resin coated and fumed silica-resin coated cotton fabrics 
5.2.2.3 Thermal insulation value percentage 
Figure 5.13 gives the TIVs of the fabric samples, showing the improvement in the insulating 
behaviour of the treated samples compared to control. 17.1% TIV was recorded for control 
and a reduction in thermal insulation value to 13.7% was observed for resin treated fabric. 
The reduction in resin coated fabric is because of the increased thermal conductivity of 
sample. While the insulation value increased to 20.58%, 21.9%, 25.5% and 29.73% for 
33.3%, 50.0%, 66.6% and 80.0% fumed silica coated fabric samples respectively. These 
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results show that with increasing the content of fumed silica in the coating layer the thermal 
insulation values increase. The results also indicate that the thermal insulating behaviour of 
treated samples is more than the control and is in complete agreement with the other resulting 
thermal characteristics . 
 
Figure 5.13: Thermal insulation values of the untreated, resin coated and fumed silica-resin 
coated fabrics 
5.2.3 Air permeability 
 Figure 5.14 shows the air permeability of the fabric samples. 33.3% content of fumed silica 
in coating layer reduced the air permeability of the fabric by 30.55%. Further addition of 
coating material in coating layer reduced the permeability even more and 50.0% content of 
fumed silica coated fabric reduced  the air permeability to 45.14%. 47.30% less air permeable 
fabric samples were observed when fabric was coated with 66.6% fumed silica. The highest 
content of 80.0% fumed silica in coating layer produced the least air permeable fabric with 
65.29% reduction. Fumed silica treated samples produced less air permeable fabric although 
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fumed silica has a high porosity [27]. This could be because of the inter yarn and fibre spaces 
blockage by resin film containing fumed silica. 
 
Figure 5.14: Air permeability of the untreated, resin coated and fumed silica-resin coated 
fabrics  
5.2.4 Water contact angle 
Figure 5.15 shows the evolution of water droplet in all the samples. Hydrophilic cotton fibres 
are generally water absorbent and hence a water drop on untreated cotton fabric spread in 66 
ms. For the fabric treated with only resin, this hydrophilicity turned a bit into hydrophobicity 
and a water drop made an initial angle of 110 ο with the fabric surface and took more than a 
second to spread out completely. Upon treating with fumed silica, the fabric became water 
repellent because of the hydrophobic nature of the fumed silica and made an initial contact 
angle of 126 ο for all concentrations of fumed silica.  
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Figure 5.15: Evolution of water droplet spreading with time for the (a) untreated, (b) 
resin coated, and (c~f) fumed silica-resin coated cotton fabrics with (c) 33.3%, (d) 
50.0%, (e) 66.6% and (f) 80.0% fumed silica in the coating layer 
5.2.5 Flexural rigidity 
Figure 5.16 shows the change in the flexural rigidity of the fabric after coating with fumed 
silica and resin. When fabric is treated with resin, the stiffness of fabric increased while 
addition of fumed silica in the resin reduced its stiffness when compared with resin coated 
fabric. But in comparison to control 16.82% rigid fabric has been observed at 33.3% fumed 
silica content level. Upon increasing the fumed silica content to 50.0% in the coating layer, 
an increase of 32.52% has been noticed. 66.6% fumed silica in coating layer contributed 
59.31% stiffness to the fabric and upon increasing the content to 80.0% this increase became 
95.16%.  
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Figure 5.16: Flexural rigidity of uncoated, resin coated and fumed silica-resin coated fabrics  
5.2.6 Colour difference 
The appearance of the fabric samples after coating with fumed silica has been changed 
greatly and this effect was analysed by visual assessment of digital pictures and data colour 
values. Figure 5.17 represents the change in colour after coating when assessed by Datacolor. 
The values obtained showed a great change or complete transformation of colour into a new 
one. Three colours named yellow, red and blue were selected to examine the effect. Amongst 
the three colours, the difference in change of colour after coating is least in yellow and 
maximum in red and blue (Figure 5.17). Since all coatings were white in colour, a diluting 
effect of the colours has been observed (Figure 5.18). At lower level of content this effect is 
minimum but as the content of filler increased the effect became more and was maximised at 
maximum content level. 
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Figure 5.17: Effect of fumed silica content in the coating layer on the colour difference of 
the coated fabrics 
 
Figure 5.18: Appearance of dyed fabric before and after fumed silica -resin coatings 
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5.3 Aluminium oxide-containing coatings 
5.3.1 Surface morphology  
SEM image of aluminium oxide used in this study is shown in Figure 5.19a. Irregular size 
and large aggregates can easily be seen in the image. The coverage of fibre with the filler is 
minimum at 33.3% filler content and maximum at 80.0% content level. The smoothness of 
the fibre (Figure 5.19b) was also reduced by coating with large particles of aluminium oxide 
(Figure 5.19 c-f). 
 
Figure 5.19: SEM images of the (a) aluminium oxide (b) uncoated and (c~f) coated cotton 
fabrics with (c) 33.3%, (d) 50.0%, (e) 66.6% and (f) 80.0% aluminium oxide in the coating 
layer 
  
 
101 
 
5.3.2 Thermal characteristics 
5.3.2.1 Thermal conductivity  
By using the recorded temperature data ln[(T−Tamb)/(T0−Tamb)] was plotted against time as in  
Figure 5.20. This plot was then used to obtain the value of K (cooling constant). Slope of 
ln[(T−Tamb)/(T0−Tamb)] vs time was used to calculate the thermal resistance. Thermal 
conductivity was further calculated by equation (3.4). Table 5.3 shows the calculated results. 
An overall decrease in thermal conductivity and increase in thermal resistance of aluminium 
oxide-resin coated samples was observed. The fabric treated with resin only showed an 
increase in thermal conductivity. 
 
 Figure 5.20: Ln[(T−Tamb)/(T0−Tamb)] vs. time lines for the bared system without fabric 
coverage and with untreated, resin coated and aluminium oxide-resin coated fabrics coverage 
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Table 5.3:Thermal characteristics of uncoated resin coated and Aluminium oxide-resin 
coated fabrics 
Samples  thermal resistance 
R (K/W) 
thermal conductivity 
λ (W/mK) 
Increase 
(%) 
Uncoated 4.03 ± 0.7 0.041 ± 0.003 0.00 
Coating without Aluminium oxide 2.58 ± 0.5 0.049 ± 0.0026 19.15 
Coating with 33.3% Aluminium oxide 4.82 ± 0.6 0.030 ± 0.0017 -19.08 
Coating with 50.0% Aluminium oxide 4.92± 0.1 0.033± 0.0013 -27.67 
Coating with 66.6% Aluminium oxide 5.04 ± 0.3 0.028 ± 0.0019 -30.78 
Coating with 80.0% Aluminium oxide 5.35 ± 0.2 0.027 ± 0.0022 -33.45 
The thermal conductivity of the fabric when treated with resin only increased from 0.041 ± 
0.003 for the control to 0.049 ± 0.0026 W/mK (Table 5.3). This increase in thermal 
conductivity is assumed to be because of the thin layer on the surface of the fabric that 
reduced its porosity and air permeability, consequently increasing the heat conduction. 
However, the addition of aluminium oxide reduced the heat conduction by providing a barrier 
for the heat flow. For the fabric sample having 33.3% aluminium oxide in the coating layer, 
19.08% decrease was observed compared to control. With the increase of material content in 
coating layer, the decrease in thermal conductivity is more evident. 50.0% aluminium oxide 
coated sample showed 27.67% decrease. Further increase in the content level of coating 
material contributed towards even less thermal conductivity. 66.6% and 80.0% aluminium 
oxide in coating layer reduced the thermal conductivity to 30.78% and 33.45% respectively. 
Thermal resistance values calculated from equation (3.3) showed a linear relationship with 
content of material in coating layer on the fabric.  
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5.3.2.2 Surface temperatures during heating and cooling 
Surface equilibrium temperature of both untreated and treated fabric samples were monitored 
during the heating process. Temperature vs time curves of the fabric placed on a hot cylinder 
of 50 °C for  4.5 sec are shown in Figure 5.21a. The curves showed that the surface 
temperature of aluminium oxide-resin coated samples remained close to and greater than the 
control for different content levels. The surface temperatures of aluminium oxide coated 
fabric remained 0.2-1.9 °C less than uncoated control fabric for all concentrations of filler in 
the coating layer. The low surface temperature of the fabric is due to the fact that more 
thermal resistant fabric takes longer time to heat to a certain temperature level than untreated 
fabric. This is why after 4.5 sec of exposure to heat the less thermal resistant fabric(untreated) 
arrived at the maximum temperature of 47.9 ± 1.3 °C while in the same time thermal resistant 
fabric remained at a low level. Also the resin coated fabric samples remained at low surface 
equilibrium temperature during heating and this is because of the better thermal dissipation 
characteristics of the resin treated fabric samples. 
Figure 5.21b shows the cooling trend of a fabric placed on a heating source for 10 min and 
then cooled down after removal of the heating source. Rate of cooling of the control is 
recorded as maximum compared to coated samples. This is because of the better heat 
dissipation characteristics of the uncoated fabric than low thermal conductive material coated 
fabric samples. Fabric samples coated with low thermal conductive coatings cooled down to 
different temperatures depending on the content of the filler in the coating layers. 80.0% 
aluminium oxide in the coating produced maximum insulating effect amongst all the 
coatings. The surface temperature during cooling remained 1.5 °C higher than the control for 
80.0% aluminium oxide coated fabric. Resin coated fabric samples showed a surface 
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temperature of 29.6 ± 0.5 °C during cooling, which is less than both the control and 
aluminium oxide coated fabrics.  
 
 
Figure 5.21: Temperature vs. time curves during a (a) heating, and (b) cooling process for 
the untreated, resin coated and aluminium oxide-resin coated cotton fabrics 
5.3.2.3 Thermal insulation value percentage 
Figure 5.22 gives a picture of increasing insulating behaviour of the treated samples when 
measured by Marsh cooling method. 17.1% TIV was recorded for control and a reduction in 
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thermal insulation value to 13.7% was observed for resin treated fabric. Aluminium oxide 
coated fabric at 33.3% content level showed 19.57% thermal insulation value which is greater 
than control. 50.0% content of filler in coating layer on the fabric increased the thermal 
insulation value further to 20.5%. Thermal insulation behaviour of fabric became more 
evident when content of filler in coating layer increased to 66.6% and 80.0%, the respective 
values of thermal insulation calculated were 22.5% and 25.59% respectively. The results 
indicate that the thermal insulating behaviour of treated samples is more than the control and 
is in complete agreement with the other thermal characteristics results. 
 
Figure 5.22: Thermal insulation values of the untreated, resin coated and aluminium oxide-
resin coated fabrics 
5.3.3 Air permeability 
Aluminium oxide-resin coated fabric showed a great reduction in air permeability compared 
to control and resin coated samples. Resin coating reduced the air permeability of the fabric 
to 22.55% because of the inter yarn space blockage by thin layer of resin. This effect 
becomes more evident when large particles of aluminium oxide are added to the layer of 
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resin. A decrease of 45.32%, 67.39%, 77.44 and 87.42% was measured for 33.3, 50.0, 66.6 
and 80.0% aluminium oxide coated samples (Figure 5.23). This reduction is because of the 
large particle size of the aluminium oxide that has a tendency to block the inter yarn spaces 
and pores of the fibre resulting in less breathable fabric.  
 
Figure 5.23: Air permeability of the untreated, resin coated and aluminium oxide-resin 
coated fabrics 
5.3.4 Water contact angle 
Figure 5.24 shows the evolution of water droplet in all the samples. Cotton fibres being 
hydrophilic in nature showed complete wetting of fabric in 66 ms while on treating with only 
resin this hydrophilicity turned a bit into hydrophobicity and a water drop took more than a 
second to spread out completely. The initial angle with the fabric surface was 110 ο. 33.3% 
Aluminium oxide in coating layer reduced this hydrophobicity and a water drop made an 
initial contact angle of 68ο with fabric surface and dispersed out completely in 0.3 seconds. 
This hydrophilicity further increased in more concentrated aluminium oxide coatings. The 
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water drop spread out completely in 33 ms for the coatings having 50.0-80.0% aluminium 
oxide in the layer. This behaviour is even more hydrophilic than control.  
 
Figure 5.24: Evolution of water droplet spreading with time for the (a) untreated, (b) resin 
coated, and (c~f) aluminium oxide-resin coated cotton fabrics with (c) 33.3%, (d) 50.0%, (e) 
66.6% and (f) 80.0% aluminium oxide in the coating layer.  
5.3.5 Flexural rigidity 
Resin treatment of cotton fabric turned the fabric more rigid compared to control. The 
addition of aluminium oxide in the resin coating layer further decreased the softness of the 
fabric. At different contents of aluminium oxide this effect becomes more and of an inverse 
relationship between reduction in softness and filler content . Figure 5.25 shows that with the 
increase of material in coating layer the softness of the fabric decreased. Quantitatively an 
increase of 81.77%, 149.57%, 163.72% and 226.81% in rigidity of aluminium oxide-resin 
coated fabric with 33.3, 50.0, 66.6, and 80.0% content of filler (aluminium oxide) in coating 
layer was observed. 
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Figure 5.25 Flexural rigidity of untreated, resin coated and aluminium oxide-resin coated 
fabrics 
5.3.6 Colour difference 
 A significant change in colour of the fabric was observed when fabric was dyed in three 
different colours (yellow, red and blue) was coated with aluminium oxide-resin. Degree of 
change was analysed by Datacolor and visual assessment. Figure 5.26 represents the 
Datacolor ΔE values and shows that the effect of aluminium oxide in the coating layer is 
much more in red and blue compared to yellow. Also the visual colour difference was shown 
in Figure 5.27 by taking digital pictures of the fabric to see the difference in appearance of 
the fabric. The dilution of colour with white material (aluminium oxide) is gradual that can 
clearly be seen in the Figure 5.27. At low content the effect of colour dilution is minimal, 
increasing to maximum in the case of highest concentrated coating layer. 
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Figure 5.26: Effect of aluminium oxide content in the coating layer on the colour difference 
of the coated fabrics 
 
 
Figure 5.27: Appearance of dyed fabric before and after aluminium oxide-resin coatings 
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5.4 Conclusion 
x Zirconium oxide when co applied with resin on the fabric reduced the thermal 
conductivity of the fabric to 44.48% compared to control at 80.0% content of filler in 
the coating layer. The low surface temperatures during heating and high temperatures 
during cooling of zirconium oxide coated fabric samples has been observed compared 
to control. Low thermal insulation  percentage values of coated fabric samples 
compared to control confirmed the enhanced thermal insulation behaviour of the 
coated samples. 31.52% increase in thermal insulation value was the highest change 
measured for the samples treated with zirconium oxide. The air permeability 
reduction in the coated fabric samples has also been noticed with a 76.84% reduction 
being the maximum for 80.0% zirconium oxide coated fabrics. The handle of the 
fabric was also affected by the coating treatment and an increase in fabric rigidity was 
observed. Water contact angle of the fabrics was increased in the case of resin coated 
fabric which reduced on the addition of zirconium oxide in the coating layer. The 
effect of zirconium coating on fabric colour was significant and it changed the hue 
towards white and diluted the main colour. 
x Fumed silica when co applied with resin on the fabric reduced the thermal 
conductivity of the fabric to 42.52%, compared to control, at 80.0% content of filler in 
the coating layer. The low surface temperatures during heating and high temperatures 
during cooling of fumed silica coated fabric samples has been observed compared to a 
control. Low thermal insulation values percentage  of coated fabric samples compared 
to control confirmed the enhanced thermal insulation behaviour of the coated samples. 
29.73% increase in thermal insulation value was the highest change measured for the 
samples treated with zirconium oxide. The air permeability reduction in the coated 
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fabric samples has also been noticed with 65.29% reduction being the maximum for 
80.0% fumed silica coated fabrics. The handle of the fabric was also affected by the 
coating treatment and the increase in fabric rigidity was observed. Water contact 
angle of the fabrics was increased in case of resin coated fabric which further 
increased on the addition of fumed silica in the coating layer. The effect of fumed 
silica coating on fabric colour was significant and it changed the hue towards white 
and diluted the main colour. 
x Aluminium oxide when co applied with resin on the fabric, which reduced the thermal 
conductivity of the fabric to 33.45%, compared to control, at 80.0% content of filler in 
the coating layer. The low surface temperatures during heating and high temperatures 
during cooling of aluminium oxide coated fabric samples has been observed 
compared to control. Low thermal insulation values percentage  of coated fabric 
samples compared to control confirmed the enhanced thermal insulation behaviour of 
the coated samples. A 25.29% increase in thermal insulation value was the highest 
change measured for the samples treated with aluminium oxide. The air permeability 
reduction in the coated fabric samples has also been noticed with 87.42% reduction 
being the maximum for 80.0% aluminium oxide coated fabrics. The handle of the 
fabric was also affected by the coating treatment and the increase in fabric rigidity 
was observed. Water contact angle of the fabrics was increased in the case of resin 
coated fabric which reduced on the addition of aluminium oxide in the coating layer. 
The effect of aluminium oxide coating on fabric colour was significant and it changed 
the hue towards white and diluted the main colour. 
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CHAPTER SIX 
FEM analysis of heat transfer in a porous matrix 
In this chapter, the heat transfer process through a thin porous matrix has been analyzed using 
a Finite Element Method (FEM). A comparison of the calculated results with experimental 
observations has also been made. 
6.1 Experimental details 
Comsole multiphysics® 4.3 software was used for calculating the heat transfer process. Time-
dependent heat transfer module was selected. The major parameters used in this study are 
presented in Table 6.1. 
    Table 6.1: Parameters used for the simulation 
parameter Values 
Thermal conductivity of the matrix 0.032 W/mK 
Density of the matrix 305 kg/m3 
Thermal capacity of the matrix 1162 J/Kg-K 
Ratio of specific heat for air (20-50 ºC ) 1.4 
Time intervals for heating 0-4.5 sec with 0.03 interval 
Time intervals for cooling 0-24.5 sec with 0.5 interval 
Thickness of coating layers 0.01-0.32 mm  
Thermal conductivity of the coating layer 0.5-5000 W/mK 
Ambient temperature 20 ºC 
Emissivity of the matrix 0.77 
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6.1.1 Geometry  
A thin porous matrix with 80% porosity and dimensions of 25.4 mm length, 25.4 mm width 
and 0.5 mm thickness (Figure 6.1) was used for the study. The pores in the matrix were set in 
an interconnected model. The thickness and thermal conductivity of the model were set 
similar to our experimental material (fabric) to ensure a true comparison. 
 
Figure 6.1: Illustration of 3D model 
6.2 Results and discussion 
6.2.1 Surface temperature during heating 
The heat transfer behavior was calculated by setting the bottom surface of the model at 50 ºC 
while the rest of the surfaces remained at ambient temperature. The heat transfer from high 
temperature surface to low temperature surface was observed. Convective cooling and the 
radiation from surface to ambient were also considered during the heat transfer process. 
Upper surface was selected for monitoring the temperature during heat transfer. The 
thickness and thermal conductivity of the coating layer were varied and their effect on heat 
transfer was measured. 
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Figure 6.2 shows the temperature distribution amongst the uncoated matrix after 4.5 sec. The 
temperature of the bottom surface remained at 50 ºC during heat transfer and it acts as a 
heating source while the temperature of other surfaces changes with time. Corresponding iso-
surface is shown in Figure 6.2b. The arrows in the figure reflect the direction of heat flow 
which is normal to the bottom surface. The temperature of the upper surface is around 42 ºC. 
 
Figure 6.2: Temperature distribution in uncoated matrix after 4.5 sec: a) normal surface, b) 
iso-surface 
Figure 6.3 depicts the temperature distribution amongst the matrix coated with a layer having 
thickness of 0.32 mm and thermal conductivity of 0.5 W/mK. The temperature is uniform 
across the whole matrix because of the uniform coating layer around the whole geometry. 
Iso-surface in Figure 6.3b reflects the direction of heat flux. The temperature of the upper 
surface is around 38 ºC, which is lower than that of the uncoated matrix. 
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Figure 6.3: Temperature distribution in matrix coated with a layer having thickness of 0.32 
mm and thermal conductivity of 0.5 W/mK  after 4.5 sec: a) normal surface, b) iso-surface 
Temperature ~ time curves for the matrix, with and without coating layer, are presented in 
Figure 6.4. The matrix coated with a thin layer showed a decrease in surface equilibrium 
temperature compared to control. For a coating layer having thermal conductivity of 0.05 
W/mK and thickness of 0.01 mm, the initial rise in temperature was similar to the uncoated 
matrix. When the layer thickness was increased to 0.32 mm, a gradual decline in the heat 
transfer rate can be clearly observed in Figure 6.4f and the surface temperature remained 
lower than the control. This effect is because low thermal conductivity material reduces the 
heat transfer. Increasing the thickness of the material enhanced this effect. 
For high thermal conductivity coating layer, the conduction rate within the matrix was 
increased. The initial heat transfer rate was much higher than the control and the surface 
  
 
116 
 
equilibrium temperature still remained lower than the control. Upon increasing the thickness 
of the coating layer, the rate of temperature change increased and the equilibrium temperature 
remained lower than the control. 
Similar effects were observed in our experimental study (Figure 6.5). Here only the results 
for the minimum and maximum filler content have been selected for the analysis. The low 
thermal conductivity filler when applied on the cotton fabric reduced the heat transfer and the 
surface temperature remained lower than the untreated fabric. The initial rise in temperature 
was also less than control which becomes more visible by applying coating layer with higher 
filler content. The increase in the filler content in coating layer assumed to increase the 
thickness of the coating too (Figure 6.5 c and d). 
For the coatings containing high thermal conductivity fillers, the initial rise in temperature 
was similar to untreated fabric but the convective cooling effect reduced the surface 
equilibrium temperature when compared with the untreated fabric (Figure 6.5 a and b).  
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Figure 6.4: Temperature vs. time curves during heating for coating layers with different 
thermal conductivities and thickness 
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Figure 6.5: Experimental results of temperature vs. time curves during heating for fillers 
with different thermal conductivities 
 
Although matrix with a coating of low thermal conductivity and with high thermal 
conductivity coating both have low equilibrium surface temperature during heating, the 
cooling behavior can define the thermal insulative or conductive effect of the coating. 
Conductive materials usually have greater cooling effects than less conductive materials. 
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6.2.2 Surface temperature during cooling 
For the cooling process, the temperature of the whole matrix was set at 40 ºC and then the 
matrix was cooled down naturally. 
Figure 6.6 showed the surface temperature distribution after 24.5 sec of cooling in uncoated 
matrix. The distribution of temperature across the edges is a bit lower than the center of the 
surface. This difference is due to the heat transfer at the edge can be in x and y direction, 
which accelerates the heat exchange. However, the edge effect should be ignored because of 
the minor effect on the heat transfer of the whole fabric in practice. 
 
Figure 6.6: Temperature distribution in uncoated matrix after 24.5 sec of cooling: a) normal 
surface, b) iso-surface 
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Figure 6.7 shows the insulating effect of the coating layer having thermal conductivity of 0.5 
W/mK and thickness of 0.32 mm. After 24.5 sec, the temperature distribution shows that 
around the edges the temperature is close to ambient while the center of the matrix is at 
temperature more than 21 ºC. This suggests that the coating reduced the cooling effect in 
coated matrix. 
 
Figure 6.7: Temperature distribution in matrix coated with a layer having thickness of 0.32 
mm and thermal conductivity of 0.5 W/mK after 24.5 sec of cooling: a) normal surface, b) 
iso-surface 
Figure 6.8 shows the temperature ~ time curves for coating layers with different thermal 
conductivities and thicknesses. For the matrix with a coating having thermal conductivity of 
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0.05 W/mK, the cooling rate was similar to uncoated matrix. When the thickness was below 
0.02 mm, and the coating thickness was increased to 0.04 mm, the cooling rate became lower.  
For the matrix with a coating having thermal conductivity higher than 10 W/mK, the cooling 
rate was higher than the uncoated matrix. When increasing the coating thickness, the cooling 
rate increased. This is because of the greater heat dissipation of 10 W/mK layer than that of 
0.05 W/mK layer.  
Figure 6.8 shows our experimental results. The high thermal conductivity fillers have 
positive effect on the thermal conductivity of the coated fabrics (Figure 6.8a and b). The 
cooling rate of the coated fabric was higher than the untreated control, and the equilibrium 
temperature was lower than control. However, the low thermal conductivity fillers had a 
negative effect on the thermal conductivity of the coated fabrics (Figure 6.8c and d). For the 
coated fabrics, the cooling rate was lower and the equilibrium temperature was higher than 
the control.    
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Figure 6.8: Temperature vs. time curves during cooling for coating layers with different 
thermal conductivities and thickness 
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Figure 6.9: Experimental results of temperature vs. time curves during cooling for fillers 
with different thermal conductivities 
6.3 Conclusion 
FEM calculation results show that the thermal conduction in matrix can be enhanced by 
applying a thin layer of thermal conductive coating (conductivity ≥ 10 W/mk) on porous 
matrices. The layer thickness affects the thermal conduction. On the other hand, thermal 
insulation effect can be achieved by applying a thin coating having low thermal conductivity 
(0.5 W/mK). In this case, the thermal conduction was reduced and the cooling rate was 
decreased also. The calculation results showed good agreement with our experimental 
observation.
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CHAPTER SEVEN 
Conclusions  
7.1 Main conclusion of the study 
In this thesis, thin nanocomposite coatings have been successfully applied on a cotton fabric. 
The effect of the coatings on heat transfer and fabric characteristics have been examined. The 
following conclusions have been obtained: 
1. Thermal conductivity of the fabric has been enhanced by surface coating of thermally 
conductive material (thermally conductive nanofiller in a polymer resin in this thesis). 
The thermal conductivity increased with the increase of filler content in the coating 
layers. At the same coating content, the increase in fabric thermal conductivity was in 
the order of graphene > Boron nitride > Multiwalled carbon nanotubes.  
2. Thermal conductivity of the fabric has been reduced by the surface coating of 
thermally insulating materials (thermally insulating nanofiller in a polymer resin in 
this thesis). The thermal conductivity decreased with the increase of filler content in 
the coating layers. At the same coating content, the reduction in fabric thermal 
conductivity was in the order of zirconium oxide > fumed silica > aluminium oxide.  
3. The heating behaviour of all treated fabrics showed that the fabrics remained at low 
surface equilibrium temperature compared to untreated control fabric. This effect was 
due to the better convection in high thermal conductivity coatings and the heat 
resistance in low thermal conductivity coatings. 
Cooling behaviour of the coated fabrics defines the thermally conductive or insulating 
effect of the coatings. The fabric coated with high thermal conductivity filler cooled 
more quickly than the untreated fabric, and the equilibrium temperature of the coated 
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fabric was lower than that of the untreated control. On the other hand, the fabric 
coated with low thermal conductivity filler cooled more slowly than the untreated 
fabric, and the equilibrium temperature of the coated fabric was higher than that of the 
untreated control. 
4. The hydrophilicity of the cotton fabric was affected by some of the nanocomposite 
coatings. When the same polymer resin was used as coating matrix, graphene, 
MWCNT and zirconium oxide, coatings had almost no influence on the fabric 
hydrophilicity. Aluminium oxide coating increased the hydrophilicity of the cotton 
fabric, while the BN and fumed silica coatings made the fabric surface hydrophobic.  
5. Air permeability of the cotton fabric was reduced by all the nanocomposite coatings. 
Maximum reduction was observed in aluminium oxide coated fabric. The order of the 
decrease in air permeability by other coatings was zirconium oxide > graphene > BN > 
fumed silica > MWCNT.  
6. Handle of the fabric was also affected by all the nanocomposite coatings. The 
minimum increase of 95% in flexural rigidity was observed in fumed silica coating, 
while BN coating showed maximum increase of 329%. Rest of the coatings increased 
the rigidity of the fabric in the order of graphene > zirconium oxide >  aluminium 
oxide > MWCNT.  
7. All nanocomposite coatings changed the hue of the cotton fabric dyed in blue, red and 
yellow. Graphene and MWCNT coatings changed the hue towards black and grey. 
Zirconium oxide, BN, aluminium oxide, and fumed silica coatings diluted the colour 
and changed it to lighter and whiter side. 
8. The Finite element method results showed that the thermal conduction in matrix can 
be enhanced by applying a thin coating with relatively high thermal conductivity (≥ 
10 W/mK). Increasing the layer thickness enhanced the thermal conduction and 
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cooling rate. On the other hand, thermal insulation effect can be achieved by applying 
a thin coating having low thermal conductivity (0.5 W/mK). The modelling results 
agree well with our experimental observations. 
7.2 Suggestions for future work 
The following works are suggested to be conducted: 
1. Understanding the effect of the coating on other natural fabrics and synthetic 
fabrics. 
2. Understanding the effect of fabric texture on thermal conductivity and other 
characteristics of fabric when a coating layer is applied onto the fabric. 
3. Examining the effect of other resin types on thermal performance of nano filler in 
the coating layer . 
4. Assessing the effect of the coatings on human thermal comfort.
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